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  Microlens array is one of the micro-optical elements consisting of a series of 
miniaturized concave or convex lenses that are arranged in certain form. In recent 
years, microlens array has attracted more and more attentions because the device 
miniaturization requires the optical elements to be miniaturized as well. Therefore, a 
lot of researches are being carried out on the fabrication techniques of microlens array 
and their applications. In this thesis, it is aimed to study and develop novel microlens 
array fabrication techniques, which can greatly improve the fabrication flexibility and 
reduce the production cost. The potential application of the microlens array in large 
area surface nanopatterning is also demonstrated.  
  Various types of microlens arrays with different dimensions are successfully 
produced by laser-assisted patterning and etching process. The concave microlens 
array is fabricated by laser direct writing followed by chemical wet etching whereas 
the combination of laser interference lithography (LIL) and reactive ion etcing (RIE) 
produce the convex microlens array. The direct patterning by laser offers an alternative 
in microlens array fabrication process, which is more flexible in terms of design 
change and the microlens dimensional control, thus eliminating the need of using 
expensive photo masks to define the microlenses dimension. The physical and optical 
properties of these fabricated microlens arrays are examined by numerous 
characterization methods.  
  Optical characteristics of the fabricated microlens array are modeled and 
studied by the simulation of wave propagation through the microlens array. Ray 
Summary 
 viii
tracing and physical optics propagation techniques are used to simulate microlenses of 
few tenth micron of size while finite-difference time-domain (FDTD) method is more 
suitable when the microlenses size is approaching wavelength of the light. The 
simulation results of the intensity distribution are well matched to the experimental 
observations. The effect of different sag heights on the spot size and intensity at the 
focal plane is also presented.   
  The last part of the thesis demonstrates the use of microlens array in the 
surface nanopatterning of photopolymer materials. This nanopatterning technique 
utilized the laser irradiation through a microlens arrays to generate many tiny light 
spots which act as a series of ‘nano-pens’ for direct writing purposes. These identical 
nano-features are patterned in a single or multiple pulses of laser irradiation over a 
large area, which increases the patterning efficiency. The effects of laser pulse number, 
fluence and fractional Talbot plane on the feature size are studied. Super-resolution 
surface nanopatterning of sub-100nm pattern can be achieved by proper control of 
irradiation dose. The MLA-based surface nanopatterning has a great potential in 
various applications, such as patterning of optical/magnetic storage media and 
fabrication of photonic crystals or other periodic structures.     
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CHAPTER 1  
INTRODUCTION 
 
 In the past decades the study of light propagation behavior and its applications 
in optical engineering have drawn a lot of attentions from researchers in various fields. 
The researches include the fundamental study of optical properties of light, design of 
optical components and systems as well as the applications of these optical elements. 
These research activities were being carried out extensively mainly due to the unique 
properties of light, whereby the light can be reflected, refracted and diffracted by 
several means. The unique properties of light have made optical engineering as one of 
the important factors in stimulating the rapid growth of microelectronics, biological 
science and optical data storage industries. For the engineering application purposes, 
numerous optical elements are used individually or integrated with other elements to 
form an integrated optics. These optical elements appear in various sizes, from few 
centimeters down to several tenths of micrometers, depending on the applications and 
size of the engineering devices.  
According to Sinzinger et. al. [1], the areas of optics are divided into 3 
categories; classical optics, fiber optics and micro-optics which are classified based on 
the dimension of these optics as well as their fabrication techniques. Classical optics is 
referring to the conventional “macro-optics” components that are fabricated using 
grinding or polishing [2]. Due to the rapid development of miniaturization in electrical 
and electronic devices, there is a need to further miniaturize the corresponding optical 
elements integrated into these micro-devices. This process of optical elements 
miniaturization has led to the term “micro-optics”.      
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1.1 Overview of micro-optics 
 Micro-optics is one of the optical elements that is widely used in various 
micro-devices, such as micro/nano-electromechanical system (MEMS/NEMs), 
microfludic components, semiconductor lasers, micro-sensors and actuators. The 
micro-optics is the optical part that is miniaturized into millimeter or even micrometer 
scales [3]. The miniaturization of these micro-optical elements is stimulated by the 
rapid development of micro- and nano-fabrication techniques used in semiconductor 
industry. These advanced fabrication techniques enable one to fabricate micro-optical 
components with the available lithography and etching techniques at minimal 
modification of the process parameters. In general, there are various categories of 
micro-optical elements, such as refractive micro-optics, diffractive optical elements 
(DOEs), optical waveguides and gradient index optics, etc. Within the family of 
refractive micro-optics, microlens array is one of the most commonly used and 
extensively researched micro-optical elements. 
 
1.1.1 Refractive micro-optics – microlens array 
 Similar to its conventional macro-lens counterpart, microlens array (MLA) is 
one of the micro-optical elements that is used to refract and focus the incident light 
beam [4]. The difference is that it consists of series of miniaturized lenses in a certain 
form of arrangement, either squarely or hexagonally packed. These microlenses, whose 
surface profiles can be convex or concave depending on its applications, are normally 
cylindrical, square or hemispherical in shape. Therefore, when a single light beam is 
incident to a microlens array, thousands and sometimes millions of tiny light spots are 
generated at the focal plane of the microlens arrays, depending on the size of the 
microlenses. The formation of these arrays of tiny light spots makes the microlens 
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array as one of the important components to be integrated into most of the micro- 
systems for optoelectronics, optical communications and other engineering 
applications. 
 
1.1.2 Applications of microlens array 
 Microlens array has become one of the important features in the integration of 
various micro-systems for its ability to create multiple light spots and its smaller 
dimension as compared to conventional macro-optics. The rapid growth of optical 
communication and imaging has drawn much research interests in fabrication and 
integration of these micro-optical elements into the devices. In the area of optical 
imaging, microlens array functions as a ‘copier’ to transfer the image of an object to a 
screen or a detector when they are scanned through the documents as demonstrated by 
Borrelli et. al [5], Kawazu et. al [6] and Hutley et. al [7]. In their experiment, each 
microlens was used to image a portion of the object and copy onto a photo-sensor 
before it is printed out as photocopy. The photocopying efficiency of these copiers is 
highly dependent on the density of the microlens arrays and its precise alignment to the 
photo-sensor.  
Meanwhile, microlens array is also widely integrated into 3D photography 
imaging and display devices. In an integral photography system, a highly packed 
microlens array is integrated into a camera to record the three dimensional images [8-
11]. The resolution of the imaging is determined by the lens diameter and its focal 
length. Each microlens captures a micro-image or element image of the whole object 
and reconstructs the 3D image through another matching microlens array or 
computational stereo-matching algorithm [12] onto a display device, such as LCD 
screen [13]. This not only creates high resolution 3D images but also increases the 
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depth of focus of imaging system [14]. Völkel et. al. [15,16] used the wafer-level 
packaging technique to align and stack microlens array with image sensor array. This 
combination gives better image quality, which is suitable for micro-cameras and 
CMOS imagers. Other applications of the microlens array in imaging systems include 
auto-focus during image snapping [17] and advanced optical imaging systems for LCD 
display [18-21]. In the design and development of confocal microscope for bio-
imaging applications, microlens array is adopted into the system setup to enable the 
parallel scanning and processing of the sample surface topography. The advantages of 
having a microlens array in the confocal microscope include large field of view, while 
maintain the require resolution [22] and enhance the contrast of the fluorescence 
images [23].   
 Besides working as an imager, the microlens array was also used for detection 
of fluid and chemical flow inside a small channel in biochemical applications [24,25]. 
In a micro-total-analysis system (μTAS), the excitation beam was focused to the 
chemical and fluorescence emitted from the molecules was collected by a microlens 
array to the detector for further analyses. To detect and measure the dynamic heated air 
jet flow, microlens array was used together with a CCD camera to provide wavefront 
measurement. More recently microlens array was integrated into an optical system to 
create multiple laser spots that can act as optical tweezers [26]. These laser light spots 
created optical trapping, which is important for the manipulation of series of molecules 
and particles in an aqueous solution.      
  The coupling of laser light with optical fibers or fiber to fiber coupling is 
another important application of the microlens array [27-29]. The numerical aperture 
and precision positioning of the microlens array play a major role in achieving optimal 
performance to avoid any losses of the coupling effect. For optoelectronic devices, a 
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microlens array acts as an interface between the source and the microelectronic 
structures such as CCD or sensor. Microlens array served as an “array illuminator” to 
distribute light signals to the chip that contains a series of detector sensors [30]. A 3 × 
3 optoelectronic switch using VCSEL arrays was demonstrated using the microlens 
array to direct the laser beams to the photodetector array so that electrical signals can 
be generated [31].  
 Microlens array is also used in lithographic systems to project images onto 
resist layers. The “microlens lithography” technique consists of a stack of 3 ~ 4 layer 
microlens array, which were combined together to form an array of micro-objectives 
[32,33]. Each micro-objective projects a small part of the photomask onto photoresist 
and the complete mask image forms as these individual images overlap [33]. Using 
this concept of image projection, Wu et. al [34-36] created arrays of two dimensional 
micropatterns on photoresist by projecting a transparent mask pattern using a 
microlens arrays. This created uniform repetitive micropatterns over a large area.  
More recently, Kato et. al [37] reported surface nanopatterning by illuminating 
a microlens array using a femtosecond laser. This nanolithography technique utilized a 
light source, usually a monochromatic light beam, to irradiate through a microlens 
array. The microlens array focused the incoming light and created a series of tiny light 
spots at the focal plane of the microlens arrays. The light spots were then projected 
onto a layer of photopolymerizable resin, which was then undergone photo-chemical 
reaction to change its material properties. This enabled thousands of identical two- and 
three-dimensional nano-features to be generated over a large area of the resin in a short 
time. Besides photopolymerizable materials, Lin et. al [38] demonstrated this surface 
nanopatterning could also be used on phase change material by phase transformation. 
The phase transformation is induced due to the heating effect when the energy 
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intensity of the focused light beams is sufficiently high. By using the femtosecond 
laser as the light source, the transformation of the phase state was confined into a small 
region, usually in sub-200 micron range. This is because the interaction between phase 
change film and femtosecond laser is multi-photon absorption and therefore optically 
nonlinear. The above-mentioned microlens array surface nanopatterning technique 
offers some advantages over the other nanostructuring techniques in terms of 
throughput and industrialized feasibility. However, there are several research 
challenges, such as to reduce the feature size down to sub-nano regime at a lower cost 
and higher efficiency.  
  
1.2 Microlens array fabrication techniques 
 There are various ways of fabricating the microlens array. Differ from the 
conventional grinding and polishing of glass materials for optical surface finish, the 
fabrication of microlens arrays generally requires more process steps. As it consists of 
arrays of microlenses on a planar surface, the fabrication is not as straight forward as 
single lens fabrication. Generally it involves a pattern generation and transfer through 
various microfabrication techniques.  
 As most of the microelectronic and optical system devices are getting smaller, 
the miniaturization of these lenses and improvement of their performance are essential 
so that the integration into the devices can lead to the stability and reliability of the 
devices. The alignment precision of the micro-lenses, control of the lens dimension 
accuracy, such as radius of curvature and diameter, etc as well as the surface quality 
are issues that draw a lot of attention from researchers from all over the world. In the 
past decade, numerous researches have been done and reported on the development of 
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microlens array fabrication techniques. These techniques have their own advantages 
and disadvantages, depending on the suitability of the specific applications. 
 
1.2.1 Photolithographic and thermal reflow  
 Most of the microlens arrays commercially available are fabricated using 
existing VLSI processing method.  Popovic et. al [39] first demonstrated the formation 
of arrays of hemispherical microlenses on a substrate by thermal heating of the resist 
patterns. Using a pre-designed chromium photo mask with circular opaque patterns, an 
array of resist pillars were created on photoresist by photolithography. It was then 
followed by the heating of the photo resist which causing the resist to reflow into 
hemispherical microlens arrays. These resist microlens arrays were further transferred 
to the substrate by reactive ion etching (RIE) [40-42]. As a result, microlens arrays ere 
created permanently on the substrate. This technique enables the mass forming of 
microlens arrays with good surface finish quality.  
 
         
FIG. 1.1     Fabrication steps of microlens arrays using photolithography and thermal 
reflow process. The formed resist microlenses was then passed through an etching 
process to transfer the patterns onto the substrate [42]. 
 
1.2.2 Grey-tone mask pre-forming 
  On the other hand, in order to eliminate the need to heat the photoresist, some 
researchers used grey tone mask, a specially designed mask, which permits different 
amount of light intensity to go through the mask opening to directly form a 
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hemispherical resist lenses [43-46]. This method enabled not only photoresist to be 
patterned but also some other light-sensitive materials, such as sol-gel [44] and 
dichromate gelatin [43]. However, the disadvantages of this method were the use of 
expensive photomasks, the lack of flexibility as the size of the microlenses was limited 
by the mask pattern and lastly, time consuming as it involved lots of process steps. 
 
1.2.3 Laser direct writing 
 As the lithographic method requires the use of expensive photomask and the 
lacked of flexibility to design changes, there were other researchers who generated 
patterns directly without the need of photo mask. Numerous researchers [47-51] 
reported the method of lens profile generation using modulated laser beam scanning 
system. This can be accomplished by using a so called laser pattern generator, which 
modulates the exposure dosage by changing the dwell time, scanning speed or 
irradiation laser power. As the photoresist is sensitive to the exposure dosage, 
changing the beam intensity while scanning across the substrate produces optical 
structures on the photoresist, which was subsequently transferred to the substrate by 
RIE. While using the photoresist could be tedious, Heather et. al [52] irradiated a 
borosilicate glass with modulated laser beam. The area that under intense laser 
irradiation was selectively etched to create micro-optical elements on the glass 
substrate. 
 
1.2.4  Laser direct heating and forming 
  The other method of forming microlens array is the direct forming by laser 
irradiation on the glass substrate [53-57]. The advantage of this method is the 
elimination of complex lithography process, which is time consuming and costly. 
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Using CO2 or Argon lasers, the adsorption of the laser beam energy causes the locally 
heating of the glass substrate, which leads to the melting of the material. Owing to the 
surface tension of the melted material, a spherical or elliptical micro lens is formed. By 
proper control of the laser beam exposure parameters, one can control the dimension of 
the micro-lenses. The drawback of this method is the limitation of types of glass 
materials that can be used for fabrication process. Only borosilicate glass doped with 
semiconductor material is suitable by this method. The other problem faced in this 
technique is that the heat transfer to the adjacent area could affect the formation of 
subsequent lenses.  
 
1.2.5 Photothermal technique 
 The microlens array is fabricated on a photosensitive glass by photolithography 
process [58-60]. The photosensitive glass substrate is exposed through a chromium 
mask using a UV light source and followed by the heating of the substrate 
(photothermal cycle). The area whereby is under UV exposure produces color due to 
the absorption of the metal colloids inside the photosensitive glass and induced 
crystalline phase in this exposed area. Therefore, the exposed area densifies, creating 
stress surrounding the unexposed areas and pushing them up. This creates a spherical 
shape if the unexposed area is in circular shape, thus forming a microlens. 
  
1.2.6 Hybrid materials 
 There are more efforts to develop microlens array fabrication techniques on 
some novel materials. One of the common special materials is the hybrid sol-gel 
material, which consists of mixture of organic and inorganic compounds, such as SiO2, 
TiO2 and ZrO2 [61-65]. Besides that siloxane film [66] is also used to fabricate 
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microlens array. The fabrication process is based on the lithography exposure to form 
the lens arrays pattern or the replication using a soft mould. The lithography can be 
carried out by laser direct writing with the precise control of the exposure dosage. The 
need of etching process is eliminated as the development of these materials forms the 
microlens array structures. Even though the processing is not as complicated as the 
resist reflow technique, the preparation of these novel materials is costly and complex. 
 
1.2.7 Microjet printing 
Microjet printing uses a piezoelectronic actuator to eject droplets of UV curable 
polymer onto a substrate surface [67-69]. The printer head has an orifice diameter in a 
few tenth of micron placed at a few mm away from the substrate surface. The UV 
curable material is heated up before it is ejected. The microlenses shape is highly 
dependent on the orifice size, the UV material’s viscosity and operating temperature. 
The most commonly used UV curable material is UV curing optical epoxies because of 
its excellent chemical and thermal stability [69]. 
 
1.2.8 Replication technology 
Another microlens array fabrication method is to use a replication mold or 
insert to transfer the lens patterns through molding or hot embossing process [70-77]. 
This replication technique requires the making of a PDMS or silicon mold by 
lithography and isotropic etching. This mold serves as a template for the actual 
microlens array fabrication whereby molten glass or plastic material is injected into the 
master mold to replicate the dimension of the mold. The advantage of this technique is 
that it enables repeatable and mass production of the microlens array. However, the 
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material shrinkage during cooling causes the dimensional change and thus affects the 
microlens dimensional accuracy. 
 
1.2.9 Other fabrication techniques 
The microlens array fabrication technique is not limited to those mentioned 
above. Fu et al. [78] introduced the fabrication of diffractive and refractive microlens 
array by focused ion beam milling and deposition of SiO2. Replacing the conventional 
photolithography process with LIGA process, Ruther et. al [79] demonstrated the 
fabrication of spherical microlens arrays by melting the PMMA resist pillars after the 
development.  Chan et. al [80] fabricated microlens arrays by controlling the wrinkle 
formation of an UV ozone oxidized PDMS material. This method allows control of the 
microlens’ geometrical shape and arrangement.  
   
In general, the fabrication of microlens arrays requires the ability to produce 
microlens arrays that can meet the requirements of a specific system or device. The 
demand of compactness and small size for most of the electronic appliances has lead to 
the rapid development of precision engineering and nanotechnology in microlens array 
fabrication techniques.   
 
1.3 Objectives and motivation 
 The main objective of this research project is to study the feasibility of 
fabricating various types of microlens arrays by the combination of laser assisted 
patterning method and etching process. There are several issues concerned in the mass 
production of the microlens array such as the production of a template and the design 
flexibility. In conventional photolithographic and gray tone mask techniques of the 
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microlens array formation, the requirement of photomask becomes essential and 
critical [46]. The making of these photomasks is costly and time-consuming. 
Meanwhile, as the microlens shape is determined by mask design, any changes of the 
microlens array layout require the alternation of mask design as well.  
Therefore, it is important to develop a microlens array fabrication process that 
eliminates the needs of expensive photomasks, while at the same time gives the 
flexibility to design changes as well as controlls the lenses dimension. In this case, the 
maskless laser direct patterning is a good candidate for fabricating micro structures, 
such as microlens arrays. The patterns are formed directly by either laser ablation or 
interference of laser beams without the need of photomask. The fabricated microlens 
array is measured and tested on their physical and optical properties.  
Besides the fabrication techniques, this study also investigates the potential 
applications of the microlens array in surface nanopatterning by pulsed laser irradiation. 
The significance of the microlens array to precision engineering applications has 
motivated the research interest of this project to further explore the future potential 
applications, such as in bio-engineering and nanotechnology. For example, the 
requirement of higher volume density of data storage has driven the development of 
surface nano-structuring and nano-patterning.  
The studies discussed previously on the applications of the microlens array 
show that the use of the microlens array can be a potential candidate in surface 
nanopatterning. The studies by Wu et. al [34-36] revealed the possibility of 
nanopatterning using microlens arrays but it was limited to normal light, which is 
diffraction limited. Lin et. al [38] and Kato et. al [37] demonstrated the use of 
femtosecond laser as light sources. The nanopatterning was not done on photoresist, 
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which is one of the most common and widely used photopolymer materials in 
semiconductor manufacturing.  
Furthermore, the previously mentioned studies concentrated more on the 
methodology but not the characterization and simulation of the optical behaviors of the 
microlens array. The emphasis of this study is to carry out nanolithography on 
photopolymer materials, such as photoresist by the laser light irradiation through the 
microlens array. A significant challenge will be the large scale patterning and the 
mechanism of patterning process. Thus, it is believed that with microlens array at 
small lens size, this task can be accomplished while lots of studies need to be carried 
out to understand the underlying physical mechanisms.  
The use of fabricated microlens arrays for surface nanopatterning could provide 
a more versatile platform to create large area sub-micron features at a high speed as 
compared to other patterning methods. There is still room for improvement, such as 
the control of sizes of the microlenses and the alignment precision of the microlens. 
Therefore, extensive researches on the fabrication technique of the microlens array and 
its applications in surface nanopatterning are needed. 
 
1.4 Organization of the thesis  
 The contents of the remaining chapters in this thesis include the following: 
Chapter 2 presents the fabrication technique of the concave microlens array by 
the laser direct patterning and isotropic etching. The experiemental setup and 
characterization methods will be discussed. Mechanism of the concave microlens array 
formation will be presented as well.  
 Chapter 3 will discuss the fabrication process of the convex microlens arrays 
by laser interference lithography (LIL) followed by resist reflow and reactive ion 
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etching. The process parameters of thermal reflow and its effects on the microlens 
array formation are presented. The fabricated microlens array is characterized for its 
physical and optical properties.       
 Chapter 4 presents the theoretical and simulation studies of optical behaviors of 
the microlens array under a laser irradiation. Models and mathematical expressions 
used in the simulation are presented. The finite difference time domain (FDTD) 
simulation is applied to calculate the intensity and energy flux distribution of the 
focused laser beams. 
 Chapter 5 describes the surface nanopatterning technique by irradiating a laser 
beam through a microlens array. The physical processes and experimental details are 
revealed in this chapter. Results of nano-features generation will be investigated and it 
potential applications is discussed. 
 Chapter 6 concludes the research results on the microlens array fabrication 
techniques and its applications for surface nanopatterning. The possible future works 
are also proposed.  
 




MICROLENS ARRAYS BY LASER DIRECT 
PATTERNING AND ISOTROPIC ETCHING 
 
2.1 Overview of Laser Ablation 
Laser ablation is a process that involves the removal of a material by laser 
irradiation on a substrate surface. The ablation process can be performed by a 
continuous wave (CW) or a pulsed laser [81] as long as the energy supplied to the 
material is sufficient. Ablation takes place when the irradiated laser fluence, F, is 
above the laser ablation threshold, Fth of the material [82]. Pulsed laser is a more 
preferred source of laser for ablation because it has a high intense peak power as 
compared to a CW laser. When the laser irradiates on the substrate surface, the 
material is first heated up due to the absorption of the laser energy by the material 
under the laser irradiation. The heating of the material then causes the material to melt 
and eventually evaporate or vaporization takes place. The total amount of material 
ablated away is dependent on laser fluence, number of pulses and material properties. 
Laser ablation has been proven to be one of the useful tools for 
microprocessing of various materials for device fabrication, such as laser cutting, 
drilling, marking and welding [83-90]. The non-contact mode and versatility of laser 
ablation process make it a preferred microfabrication tool over other conventional tool-
based methods.     
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2.1.1 Direct patterning by laser ablation 
In the fabrication of electronic circuits, pulsed lasers with pulse width, τ in the 
range of typically 15 ~ 100 nanoseconds (ns) are used to cut the thin films [91-93] or 
to ablate surface of a solid material [94]. These lasers give minimal thermal damage to 
the films and adjacent irradiated areas. Nd:YAG, CO2 and excimer lasers are among 
the pulsed lasers that are widely used in surface direct patterning [95]. Direct 
patterning on a sample surface can be done through various methods. Using excimer 
laser, a mask image is projected onto a substrate surface by a lens. The area under the 
laser irradiation is ablated away due to the high output energy of the excimer laser. By 
stepping the mask with respect to the substrate, a large area processing is achieved [96]. 
However, this mask projection direct patterning technique has its disadvantages of 
toxic laser gases, high maintenance/setup cost and the need of expensive mask [97] 
which limits its applications. 
Another laser direct patterning method is by focusing a laser beam into a small 
spot and irradiate onto the substrate surface. The laser spot is “scanned” across the 
substrate surface either by moving the substrate on motion controlled X-Y-Z stage or 
by scanning the laser beam using a set of galvanometer driven mirrors. The patterns 
formed on the substrate surface can be designed by computer-aided-design (CAD) 
software or by directly generating the numerical code from an imported image file. 
This “scanning spot” method uses high repetition rate lasers, such as diode pump solid 
state (DPSS) Nd:YAG lasers, as the laser source. Since the laser beam is focused into a 
small spot, a relatively good lateral resolution can be achieved as compared to the 
mask projection method. Meanwhile, it also eliminates the use of mask for pattern 
generation [98].   
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2.2 Mechanism of etching 
Etching is a material removal process by chemical reaction or ion bombardment 
to the substrate surface, [99] which is widely used in semiconductor manufacturing. 
Etching is usually applied to transfer patterns defined by a masking layer to the thin 
film coated on the substrate or bulk material’s surface. The etching process can be 
classified into 2 categories: anisotropic and isotropic etching [100,101]. In the etching 
process, two types of etching profile can be obtained, depending on the types of 
etchants used, and the environment of etching whether it is in liquid phase (wet etching) 
or in gaseous phase (dry etching) [102]. Figure 2.1 illustrates the different profiles 







FIG 2.1    Two types of etching profiles: (a) isotropic etching and (b) anisotropic 
etching. 
 
2.2.1 Anisotropic etching 
For the anisotropic etching, the etching rate is higher at a particular direction than 
those at other directions.  Therefore, a straight side wall profile at the etched pattern 
can be easily achieved.  Most of the dry etching is anisotropic etching, while for wet 
etching, anisotropic can only be achieved with certain materials, such as silicon. 
(a) Isotropic etching (b) Anisotropic 
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Examples of anisotropic etching processes are plasma etching, reactive ion etching 
(RIE) and hydroxide etching of silicon [103], etc.  
 
2.2.2 Isotropic etching  
Isotropic etching is another type of etching process, which the etch rate of the 
horizontal direction is equal to the etch rate of vertical direction. The isotropic etching 
involves three major steps. Firstly the mass transport of reactants or etchants to the 
substrate surface, followed by chemical reactions with the substrate material at the 
surface interface and finally by-products transported out from the surface. As 
compared to anisotropic etching, which is ion assisted and has a low etch selectivity, 
isotropic etching involves chemical reaction between etchant and substrate interface. 
The etchant dissolves away the substrate materials when the free ions from the etchant 
are in contact with substrate surface. Since it is a chemical reaction, isotropic etching 
has high selectivity thus a relatively thin masking film is sufficient to protect the 
substrate from being etch away.  
   The isotropic nature of SiO2 etching enables one to smoothen glass for various 
applications [104,105]. The experiment carried out utilizes the concept of isotropic 
etching to create the concave lens arrays on the glass substrate. The reaction involved 
between etchant (HF acid) and substrate (SiO2) is given as Eq. 2.1: 
           
           (2.1) 
The reactant (HF) diffuses into SiO2 surface, is adsorbed by SiO2 and chemical 
reactions take place [106,107]. The free fluorine ions combine with silicon ions, which 
generate SiF6 molecule products and subsequently the products diffuse away from the 
substrate surface. Therefore, the etch rate of the SiO2 at certain temperature depends on 
OHSiFHHFSiO 2622 26 ++→+
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the amount of free ions of fluorine in the solution. By alternating the F- concentrations 
in the etchant solutions, a different etch rate can be achieved. 
 
           
           (2.2) 
The control of the F- concentration can be done in two ways, one is to dilute the 
49% concentrated HF (by weight) with DI water based on the theory of conservation 
of mass as Eq. 2.3: 
 
           (2.3) 
where   represents the molarirty by weight





The other method to controll the concentration of F-  includes the buffering of 
original HF solution by the addition of ammonium fluoride, NH4F. The advantage of 
using buffered HF is the etching mechanism is not as aggressive as diluted HF, thus 
giving better controllability of etching process. The etching chemical reaction 
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2.3 Experimental procedure 
2.3.1 Sample preparation  
 The material used in this experiment was soda lime glass slide with dimension 
of 1.5 cm × 1 cm. The samples were cleaned in ultrasonic bath using Iso-propanol 
(IPA) and De-ionized water (DI water) to remove any contaminations. This is 
important for the improvement of film stiction on the substrate’s surface. The cleaned 
substrates were then placed inside a vacuum chamber and coated with 200 nm of gold 
film by an E-beam evaporator.   
 
2.3.2 Experimental setup  
Figure 2.2 shows the experimental setup for the patterning process. The system 
includes laser source, laser beam delivery setup and XYZ motion control system. The 
laser used was a 3rd harmonic Nd:YAG laser with light wavelength λ of 355 nm. The 
repetition rate of laser was set at 1 kHz while patterning was done with various laser 
fluneces (mJ/cm2). The laser beam from the source output was directed to the XY 
translation stage with a series of reflective mirrors. A laser spot size of 3 ~ 5 µm can 
be achieved by focusing the laser beam through a near-UV objective lens with 50X 
magnification and focal length of 4 mm. To obtain focal point on the film surface, the 
Z height of the objective lens was adjusted accordingly.  
 The design of the laser patterning tool path and pattern dimension was done by 
MasterCAM software. Subsequently, it was translated into NC codes to be executed by 
the XYZ motion controller. Circular lens patterns with diameters of 100, 50 and 20 µm 
were designed with hexagonal arrangement. The patterned substrates were then 
cleaned with IPA and dried with nitrogen gas blowing.  
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FIG 2.2    Schematic drawing of the laser system setup for laser patterning of gold 
film. 
 
 Figure 2.3 shows the schematic drawing of the etching process carried out after 
the laser patterning. The sample was dipped and etched in an etchant solution that 
contained in a PVC beaker for a period of time. The etchant used in this experiment 
was hydrofluoric acid (HF) which was commonly used for etching of glass material 
(SiO2). Two types of  HF etchants were used in this experiment – diluted HF and 
buffered HF. Diluted HF was prepared by mixing 49% concentrated HF with DI water 
while buffered HF contained mixtures of HF and ammonium fluoride (NH3F) [108]. 
Various concentration of diluted HF of 40%, 35%, 30% and 25 as well as NH3F:HF 































FIG. 2.3    Schematic drawing of etching process flow for the fabrication of 
concave microlens array.  
 
The etched samples were then taken out from the beaker and gold masking film 
was stripped away before they were cleaned using IPA and DI water. The sequence of 
cleaning the samples were IPA rinse, IPA ultrasonic bath for 15 minutes, rinsed with 
DI water and finally DI water ultrasonic bath for another 15 minutes. This is important 
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2.3.3 Characterization methods 
 Various methods were used to characterize the concave microlens array formed 
on the glass substrate. The most commonly used was optical microscope with high 
magnification objective lens to observe the integrity of the patterns before and after 
etching. It was also used to measure the dimension of the lens diameters. For surface 
morphology, scanning electron microscopy (SEM) was used to examine the quality of 
the lens surfaces after etching. The profile of the etched patterns was captured using 
Alpha-Step 500 surface profiler (Tencor Instrument) with vertical resolution of 1Å for 
100 µm & 50 µm diameters lens. For 20 µm diameter lens, AFM was used due to the 
limitation of the profiler’s stylus to obtain good resolutions.   
 
2.4  Patterns Formation by Laser  
Figure 2.4 shows the comparison of transmission spectra between photoresist 
and gold thin film (thickness = 200 nm) in the range from 300 nm to 800 nm. At λ = 
355 nm, it was found that about 65% of the light intensity at this wavelength is 
transmitted through the resist layer without being adsorbed whereas less than 5% of 
the light intensity is transmitted for the thin gold film. Therefore, by 3rd harmonic 
Nd:YAG laser, the thin gold film can be effectively ablate since most of the laser 
energy is absorbed by the film. Meanwhile, the thin gold film exhibits lower melting 
temperature at 1063˚C as compared to other novel metals, such as chromium and 
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FIG. 2.4    Transmission spectra of photoresist and gold thin film (thickness = 200 
nm). 
 
 Figure 2.5 shows a circular pattern arrays created by laser patterning by laser 
ablation. The patterning procedure was designed using MasterCAM and translated into 
NC codes. The tool path used in this experiment was pocket scanning whereby the 
ablation was done by focusing the laser beam on the thin film and followed by circular 
movement by the XY stage. Each complete circular motion removes the thin film on 
the substrate from inner ring towards outer ring with 15% overlapping until a circular 
pattern at a desire diameter was created. As seen from the figure, the patterned area is 
free from debris re-deposition while maintains a good patterning repeatability.  
 It can be seen from Fig. 2.5 that the arrangement of the pattern is in hexagonal 
shape, which gives denser lens arrays as compared to rectangular packed arrays. For 
hexagonally packed lens arrays, the Y pitch is equal to 2/√3 of X pitch [42], thus gives 
more compact arrays per unit area, which is known as packing density, η (Eq. 2.5). 





























    
           (2.5) 
 
 
From the figure, it also shows that the patterns are uniformly and precisely 
distributed. This is due to the precision XY stage used and coupled with the NC-coded 
controller. For 100 µm and 50 µm circular lenses, the x pitch was 20 µm that results in 
packing density of 63.5% and 46.3%, respectively. Whereas for 20 µm circular lens, it 




















where px is x pitch, py is y pitch and r is the diameter of the lens pattern 
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The effect of laser fluence on the patterns quality was studied. Figure 2.6 
shows the comparison of the pattern arrays created within and below the ablation 
condition that gives clean and complete removal of the gold film. The study was 
carried out by patterning the film by different laser fluences and at a repetition rate of 1 
kHz. The patterned film was observed under an optical microscope to determine the 
optimal ablation condition. It is found that the optimal range of fluence is from 0.015 
J/cm2 to 0.045 J/cm2. This range agrees to the findings of Andrew et al. [109] on the 
laser ablation of various thin film removal using 308 nm XeCl laser. In his paper, the 
removal threshold reported for a 500 nm gold thin film was 0.03 J/cm2. As the fluence 
falls below this range, black dots were observed at the patterned area. This is due to the 
insufficient laser energy to fully vaporize the film material thus a small portion of the 
materials melt and stay at the patterned area as it re-solidifies.  
 On the other hand, if the laser fluence exceeds the range, the boundary of the 
patterned thin film is heated up and lifted from the substrate surface. This is due to the 
excess heat generated by laser energy around the pattern boundaries. Laser fluence of 
0.017 J/cm2 was selected for the patterning process at a scanning speed from 15 µm/s 
to 167 µm/s. It was also observed that at this laser fluence no damage was found on the 
glass substrate surface after the laser patterning. This is because the laser power is 
much lower than the ablation threshold for glass substrates. Therefore, the laser light 















                       (a)               (b) 
FIG. 2.6    Comparison of laser ablated circular patterns arrays on the gold thin 
film at a laser fluence (a) above and (b) below optimal laser fluence. 
 
2.5 Concave lens arrays formation by chemical wet 
etching 
2.5.1 Uniformity of microlens array 
 Figures 2.7 (a) and 2.7 (b) show the optical images of the etched pattern arrays 
for 100 µm and 50 µm lens diameter using 30% diluted HF etching. It can be seen 
from the figures that a series of hexagonally arranged microlens array was formed on 
the glass substrate after the etching. These arrays resembled the patterns generated on 
the film which explained the purpose of the gold thin film, which acts as the masking 
layer. The equal etch rate in all directions for the chemical wet etching enables the 
exposed glass surface to react with ions F- and removes uniformly across the whole 
area. Thus a hemispherical profile was formed at the exposed glass surface to create 
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FIG. 2.7    Optical image of a (a) 100µm and (b) 50 µm microlens array formed by 
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Due to isotropic characteristic of the HF etching on glass, undercut was 
observed at the protected areas. This was more obvious at the gap between 2 lenses 
whereby it caused the lens diameters of the etched lenslets about 3 ~ 5 % larger than 
the original patterns on the film. Figure 2.8 explains the phenomenon of undercut by 
the isotropic etching. Measurement was taken for 20 samples for each type of lens 
arrays and it was found that the average diameters after the chemical etching for 100 
µm, 50 µm and 20 µm microlens array patterns on the gold thin film were 105.4 µm, 
50.6 µm and 20.1 µm, respectively.  










FIG. 2.8    Phenomenon of undercut in the isotropic etching. 
 
2.5.2   Surface morphology analyses by scanning electron microscopy 
 The surface morphology of the microlens array was further investigated by 
scanning electron microscope (SEM). Figures 2.9 (a) and 2.9 (b) show the SEM 
images of 100 µm and 50 µm microlens array. Both images show that the most of the 
lens surfaces were smooth after being etched by the etchant. However, there were 
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protecting medium at the exposed area. This prevents the area from being etched and 























FIG. 2.9    SEM images of (a) 100 µm and (b) 50 µm microlens arrays etched by 
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2.5.3 2D cross sectional profiles of microlens arays 
 The 2D profile of lens arrays was measured and captured by an Alpha Step 
surface profiler. Figure 2.10 show the 2D profile plots of a 50 µm and 100µm lens 
arrays. Periodic hemispherical lens profile was observed with a pitch distance of ~ 70 
µm with lens sag of ~ 1.25 µm and pitch distance of ~ 110 µm with lens sag of ~ 6.5 
µm for 50 µm and 100µm lens array, respectively. These hemispherical profiles show 
that the etching is isotropic, driven by the chemical reaction between HF and SiO2. 
This agreed well with the hypothesis made earlier that the isotropic etching of a series 
of circular patterns formed on a glass substrate generates the concave lens arrays. 
Similar observation was seen on Fig. 2.11, whereby the lens array was fabricated using 
buffered HF. However, the sag height was much lower than that using diluted HF. This 
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FIG. 2.10    2D cross sectional surface profile of microlens arrays fabricated by 
























































100 μm, 45% HF














FIG. 2.11    2D cross sectional surface profile of microlens arrays fabricated by 
buffered HF etching at the lens diameter of (a) 100 µm, and (b) 50 µm, respectively. 
 
2.5.4 Influence of HF concentration 
To compare the effect of HF concentration, graphs of lens sag versus HF 
concentration were plotted for lens diameters of 50 μm and 100 μm as shown in Figs. 
2.12 (a) and 2.12 (b). The increase in HF concentration will result in the increment of 
the lens sag obtained. On the other hand, lower HF concentrations by diluting the 
etchant with DI water (H2O) give lower sag value. The reason is that the etching 
efficiency is highly dependant on the F- ions concentration. Since the isotropic etching 
of glass is mainly a chemical reaction between two reactants, the higher ion 
concentration of the reactants, the faster etching rate. Therefore, as the etching rate 
gets faster, the lens sag obtained increases due to the more materials are being removed.  
 












































FIG. 2.12  The microlens sag value dependence on HF concentration for lens 
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 Besides the diluted HF, buffered HF (BHF) was also used as an etchant. The 
study of different ratios of NH3F to HF in determining the lens sag obtained was 
carried out in a similar way as that is being done previously on the diluted HF. Figure 
2.13 shows the Alpha Step surface profiler’s 2D scanned surface profile of microlens 
array etched at different types of BHF. An upward trend similar to the case of diluted 
HF is observed, whereby the higher concentration of F- ions gives rise to the lens sag 
values. However, the etching of BHF was not as aggressive as diluted HF because it 
was stabilised by the addition of ions NH3.  Thus to achieve a certain etching depth, 


















































       (b) 
FIG. 2.13    Different lens sag values at different NH3F:HF ratios for (a) 100 μm 
and (b) 50 μm microlen array, respectively. 
  
2.5.5 Three dimensional topography of microlens array  
Atomic force microscope (AFM) was used as an additional measuring tool to 
characterise the 3D morphology of the microlens array. AFM is important to measure 
the profile of lens arrays with small dimension since the stylus of 2D surface profiler is 
not effective especially for lens diameter of 20µm. Figures 2.14 and Figure 2.15 show 
the AFM topography of 20 µm and 50 µm microlens arrays. The average lens sag of 
20 µm lens arrays etched at same HF concentration is smaller than the obtainable sag 
for the other two lens diameters. This is due to the smaller area exposed for the 
chemical reaction, which attributes to a lower etching rate.  
 
 












































FIG. 2.14    (a) Cross section and (b) 3D views of a 20 μm microlens array 
measured by AFM. 
 












FIG. 2.15    AFM 3D images of 50 μm microlens array. 
 
2.6 Optical Properties of Concave Microlens Arrays 
 The optical characteristic of the lens arrays was examined by illuminating a 
white light through the lens arrays and the image at the focal plane was captured. 
Figure 2.16 shows the images of the focused light at the focal plane, which were 
magnified by an objective lens and snapped by a CCD camera. From the images, it can 
be seen that the incident light beam was focused into a series of light dots by each 
individual lens. By proper adjustment of the distance from the lens surface, one can 
obtain different spot sizes, which eventually the smallest spot size was observed at the 
focal plane. This suggests that the lens arrays have several potential applications in 





























FIG. 2.16  Visual images captured at focal plane from a white light illumination 
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 The fabrication of microlens array has been demonstrated by the combination 
of laser direct patterning and chemical wet etching. This method provides the 
flexibility in designing and controlling of lens patterns by modifying the initial design 
and translating it into NC codes, which can be done in a few minutes. This technique 
also eliminates the complicated lithography process that is relying much on the 
photomask production.  
 Lens arrays of diameters 20 µm, 50 µm and 100 µm with hexagonal 
arrangement have been successfully fabricated. The optical and SEM images show that 
a smooth lens surface can be obtained. This is further confirmed with 2D cross 
sectional profile by the Alpha Step surface profiler for spherical profile of the lenses 
fabricated. Chemical etching by diluted HF is more efficient as compared to buffered 
HF. The maximum lens sag obtained is ~ 12.5 µm for diluted HF and ~ 1.5 µm for 
buffered HF. It is also found that by varying the percentage of F- ion concentration, 
different lens sag values can be obtained, which suggests that possibility of controlling 
the lens curvature. 
 The present work focused on the fabrication of concave microlens arrays. In 
next chapter, the feasibility to fabricate convex microlens arrays and in reducing the 
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CHAPTER 3 
MICROLENS ARRAYS BY LASER 
INTERFERENCE LITHOGRAPHY AND 
REACTIVE ION ETCHING 
 
3.1 Introduction 
3.1.1 Principle of Laser Interference Lithography 
 When two monochromatic waves are superposed, the resulting intensity is the 
sum of two individual intensities of these two waves. It is known as the wave 
interference [110]. Practically, the interference of two coherent light waves generates 
sinusoidal varying standing wave patterns. Laser interference lithography (LIL) is a 
lithographic technique by using laser as a light source to record the periodic patterns 
onto a layer of light sensitive polymer materials, such as photoresist [111,112]. It is a 
maskless and simple method for patterning to fabricate periodic, quasi-periodic and 
spatially coherent structures over a large area [113-116]. Figure 3.1 shows a schematic 
illustration of the resulting fringes generated by interference of two light beams that 
forms a standing wave. The resulting patterns are a series of gratings with a certain 
period length. The factors that affect the period of the structures are the light 
wavelength λ and the angle of which the two light waves intersect θ as given by Eq. 
(3.1). 
 
           (3.1) ( )Standing wave period  P 2sin
λ
θ=


















3.1.2 Lloyd’s Mirror Setup 
There are several different setups for the laser interference lithography and 
each setup has its own advantages and disadvantages. Figure 3.2 shows the schematic 
drawing of a simple setup for laser interference lithography by Lloyd’s mirror 
configuration. A laser beam from a laser source is directed to a spatial filter by a set of 
mirrors. The spatial filter consists of an objective lens and a pinhole with its diameter 
approximately equal or larger than the focused laser beam size. The function of the 
spatial filter is to filter out the high frequency noise so that a uniform Gaussian beam 
profile can be obtained. Meanwhile, it also acts as a beam expander whereby the beam 
diameter after the pinhole increases thus gives more uniform beam intensity. The 
Standing wave period,  
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expansion of the laser beam diameter by the spatial filter gives a closely approximated 










FIG. 3.2  Schematic drawing of a Lloyd’s mirror setup for laser interference 
lithography of periodic structures on photoresist. 
 
 In front of the spatial filter there is a rotating stage with a mirror mounted 
perpendicularly to the sample holder. A part of the expanded beam is reflected by the 
mirror on the sample held at 90º to the mirror surface and interferes with the other 
portion of the beam on the sample to create grating-like standing wave, which is 
recorded on the photoresist layer of the sample. Due to the reason that the mirror is at 
the right angle corresponding to the sample surface, the light always reflectes at angle 
same as the original incident beam. Therefore, altering the angle of the incident beam 
by rotating the rotation stage varies the period of the pattern as mentioned in Eq. 3.1. 
In this case, different values of standing wave periods can be obtained and thus 
periodic structures with different dimensions can be created. 
 The period of the fringes can be as low as a half of the light wavelength of the 
incident laser beam. Therefore, depending on the types of laser used, structures in an 
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order of sub-micron can be produced. The use of LIL technique enables the size of 
gratings or periodic structures to be as small as the half of the incident beam 
wavelength created on the photoresist. The applications of LIL include the patterning 
of magnetic media materials and MRAM (Magnetic Random Access Memory) devices, 
structuring of polymers and also creating distributed feedback (DFB) structures for 
quantum dot lasers. However, the utilisation of the LIL technique to create microlens 
arrays is a new field, which requires intensive study and experimentation. 
 
3.1.3 Thermal reflow of photoresist 
 Thermal reflow of photoresist is one of the common techniques to get 
hemispherical lens profile and was first introduced by Popovic [39]. By heating the 
patterned resist structures at a temperature above the glass transition temperature of 
photoresist (T>Tg), the photoresist pillar pattern melts and pulls into a certain shape. 
Subjected to the force by the surface tension among liquid resist, substrate surface and 
surrounding air, the resist tries to minimize its surface energy [117-120]. For a given 
volume, the smallest surface is a sphere, thus hemispherical patterns forms on the 
substrate surface. The formed hemispherical structures can be directly used as lenses or 
as mask for the further etching to transfer the profile onto the substrate.  
 A pre-defined mask tends to restrict the pitch and size of the microlenses to the 
photomask’s pattern, thus limiting the flexibility of the fabrication process. In this 
chapter the microlens arrays were fabricated by the combination of LIL and thermal 
reflow technique, which gave significant advantages over conventional 
photolithography with low cost and simple setup. The detail experiment procedure will 
be discussed and the properties of microlens arrays fabricated, such as roughness, 
uniformity and optical focusing ability, will be reviewed as well. 
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3.2 Experimental details 
3.2.1 Sample preparation 
There are several types of materials that are suitable for lens fabrication, such 
as polymer, fused silica and quartz. In this experiment, quartz was used as the substrate 
due to its excellent optical properties, which is ideal material to transmit light at a 
broad band of wavelength. Quartz also has high resistance to thermal shock and this 
enables the fabricated microlens arrays to maintain good physical properties, especially 
during etching process at a high temperature. Before the quartz sample was used, it 
was cleaned by solvents, such as acetone and IPA, to remove contaminations on the 
substrate surface.  
The sample was then coated with S1805 positive tone photoresist from Shipley. 
To obtain a uniform layer of photoresist, the resist was spin coated on the sample 
surface by a spin coater.  The centrifugal force during the spinning of the sample 
vacuum chuck causes the photoresist to widespread from the center of the sample until 
it covers the whole sample surface. The coater’s spin speed determines the thickness of 
the photoresist coated over the substrate. For S1805 photoresist, a typical spin speed at 
2000 rpm corresponds to a resist thickness of ~ 0.8 µm. The coated sample needs to 
undergo a pre-exposed soft bake at 115 ºC on a hot plate for 60 seconds to remove the 
moisture and harden the photoresist.  
 
3.2.2 Exposure by laser interference lithography 
The sample was exposed by the interference of two laser beams at a same angle, 
which results in the generation of periodic grating structures on the photoresist. The 
exposure was carried out by the Llyod’s mirror setup with a Helium Cadmium (He-Cd) 
continuous wave (CW) laser (Kimmon, Japan) as the laser source. The laser 
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wavelength λ is 325 nm with a long coherence length of 10 cm, which makes it 
suitable for interference lithography purpose.  
After a single exposure, lines array periodic structure is formed. The 
subsequent cross exposure of the photoresist by rotating the sample in 90 degrees 
enables the forming of pillar arrays on the quartz surface. The period of the structure is 
set by changing the angle of the rotating stage. In this experiment, the angle was set as 
4 degree, which is approximately equivalent to a period of 2 µm according to Eq. 3.1 
and gives the pillars with a size of approximately 1 µm. The exposure time required to 
fully expose the photoresist mainly depends on laser fluence (mJ/cm2) and developing 
time, allowing the exposed resist to be dissolved completely.  
 
3.2.3 Resist reflow and reactive ion etching 
The sample was then heated on a contact hot plate at a temperature for ~ 160 to 
180 ºC. The heating of the photoresist pillars at a high temperature causes the resist to 
melt. Due to the surface tension among the melted resist, sample surface and 
surrounding air, the resist pillar changes its shape into hemispherical to minimize the 
surface energy. The dynamic mechanism of the resist reflow can be explained and 
modeled by the Navier-Stoke equation [119]: 
 
 
          (3.2) 
 
where ρ is resist mass density, u flow speed, P external pressure, g dynamic viscosity 
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force applied on the fluid is the external pressure exerted on the surface and is resulted 
from Laplace’ law, thus Eq. 3.3 is obtained: 
 
 
          (3.3) 
whereby γ is the resist surface tension and R the surface curvature radius. 
By proper control of the heating parameters such as time and temperature, the 
large area of resist pillars forms into microlens arrays on the quartz surface. However, 
due to low chemical and thermal resistances of photopolymer material, the photoresist 
microlenses patterns need to be transferred into the quartz substrate by reactive ion 
etching (RIE). RIE is the most common dry etching process suitable for pattern 
transfer onto SiO2 substrate [121-129]. It uses gases, such as CHF3, CF4 and SF4, etc as 
the etchant to perform the etching process.  
 
3.3  Characterization techniques 
3.3.1 Optical microscope 
 This is the basic 2D image acquisition technique to examine the uniformity of 
the photoresist patterns before and after the thermal reflow. It is also used to measure 
the dimension of the patterns, such as the periods of the structure as well as the size of 
the pattern. The Olympus MX-50 optical microscope was used in this experiment. It is 
equipped with up to 150× magnifications and connected to a CCD camera fed to image 
acquisition software for accurate measurement. The optical microscope illuminates the 
sample either through the top light or backlight, which makes the characterization 
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3.3.2 Atomic force microscope (AFM) 
 The AFM is a non-destructive characterization technique that is able to image 
2D and 3D profiles of a sample by scanning through the sample surface. In an AFM 
system, a tip made of Si3N4 is mounted on the micro-fabricated cantilever. During the 
scanning of the sample, the small force of interaction between the tip and sample 
surface causes the tip to reflect as it scans through the sample surface, thus revealing 
the sample’s topography. The recorded topography, which is in 3D form, can be 
displayed using the microscope software. In this case, the various information of the 
measured sample, such as width, height and defects of the microlenses can be extracted 
from the 3D image easily. The AFM used in this project, DI 3100 from Veeco 
Instrument, has the capability of vertical resolution of 1 Å.  
 
3.3.3 Scanning electron microscope (SEM)  
 SEM serves as an alternative to the optical microscope and AFM to retrieve the 
sample’s surface morphology information. By applying a voltage to the sample, SEM 
is able to capture the image of the sample surface by the reflected electrons. Due to the 
conductivity requirement, for non-conductive materials such as quartz, it is important 
to coat the sample with a layer of Au film by sputtering machine or thermal evaporator. 
This could be a disadvantage as compared to AFM since it can only be used to 
examine samples after the RIE etching instead of un-etched sample with the 
photoresist coated on it. This is because the Au coating on the photoresist damages the 
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3.4 Microlens arrays formation  
3.4.1 Optimal laser interference lithography parameters 
The optical characteristic of photoresist plays an important role in determining 
the quality of the patterns obtained after the LIL. Figure 3.3 shows the absorbance 
spectrum for S1805 photoresist obtained from the data sheet provided by the 
photoresist manufacturer. It shows that the strongest absorption occurs for the 
wavelengths between the lower side of the UV and near to deep UV regions, which is 
from 300 to 420 nm. At the wavelength, λ = 325 nm, which is the wavelength for the 
He-Cd laser, the absorption is very high at about 0.98. Since it is close to the peak 













FIG. 3.3 Absorption spectra for Shipley S1805 photoresist. Corresponding 
absorbance for wavelength of 325 nm is about 0.98.  
 
0.98 
Chapter 3 Microlens arrays by laser interference lithography and reactive ion etching  
 50
Single exposure gives parallel line arrays, while the cross exposure of the 
photoresist produces rectangular packed arrays of pillar patterns. Since the angle of the 
Lloyd’s mirror was set at 2.5° ~ 4°, the period of the standing wave was about 3.7µm ~ 
1.8 µm according to Eq. 3.1. Figure 3.4 shows an optical microscope view of a sample 
after the cross exposed two times at 90° and developed the exposed resist for 30 
seconds. From the figure, it can be found that the patterns formed were in circular 
shape instead of square shape. This is due to the Gaussian beam profile of the laser 












FIG. 3.4    Optical microscope image of dot arrays on photoresist after two times 
of cross exposure.  
 
 
The optical microscope offers a very simple way to determine the quality of the 
resist exposure and development. However, optical microscope is only able to capture 
images in 2-dimension. Therefore, it is difficult to get 3-dimensional profile of the 
5µm 
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patterns, for example its height in order to determine the patterns is under or over 
expose.  
The other limitation of the optical microscope is the resolution due to the 
diffraction limit of the objective lens. The surface image of a same sample was 
captured by an optical microscope and AFM as shown in Figs 3.5 (a) and 3.5 (b), 
respectively. From Fig. 3.5 (a), it is clear that the patterns profile is circular in shape, 
uniformly distributed over the sample surface. By AFM scanning across the sample 
surface, it is found that the patterns are not fully circular. There was a ‘sharp edge’ at 










FIG. 3.5    (a) optical microscope and (b) AFM images of sub-micron patterns 
formed on a same sample surface after the photoresist is developed away. 
 
This is due to the variations of the laser intensity distribution between two 
exposures and insufficient exposure. For a Gaussian beam distribution, the intensity of 
the laser is the strongest at the centre of the beam and dropped gradually as it moves 
outwards from the circumference. When the sample was rotated after the first exposure, 
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the intensity during the first exposure. This results in the second exposure being of 
insufficient or excessive exposure relative to the first exposure if the exposure time is 
remained same.  
This can be solved by either placing the sample to ensure the exposure area at 
the same location on the sample holder or increasing the exposure time for the lower 
intensity exposure. Figure 3.6 shows a sample after resist development, whereby the 
exposure area was adjusted so that the laser intensity remained the same. It is clear that 
the photoresist structures were more circular as expected after the two exposures. The 
other way to solve this problem is to place the sample far from the spatial filter so that 
the laser beam expands until its wavefront is close a plane wave profile. However, this 












FIG. 3.6    The AFM image of patterns after the adjustment to make sure the 
exposure at the same location on the sample holder. 
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The patterning process by laser interference lithography with the Lloyd’s 
mirror set-up is very successful in producing large arrays of identical line or circular 
structures. During the resist exposure, laser fluence plays an important role that affects 
the patterns quality. From the experiment data, it is found that the optimal range of 
laser fluence resulting in sufficient exposure of photoresist is from  20 mJ/cm2 to 55 
mJ/cm2.  
With the samples exposed within this range of laser fluence, the pattern size is 
about a half of the standing wave period. As the laser fluence increases, the pattern 
shrinks and becomes smaller until there are no patterns formed on the sample surface. 
This is because all the resist has been dissolved away. The increase in pattern size with 
respect to the laser fluence is attributed to the increase of laser energy absorbed by the 
photoresist. In this case, more energy absorbed means that more photoresist undergoes 
photo-chemical reaction and thus more resist is washed away during the resist 
development. Figure 3.7 (a) shows an optical microscope image of a sample over-
exposed at a laser fluence of 67 mJ/cm2 as the dot size is small. Figures 3.7 (b) and 3.7 


























FIG. 3.7    Optical images of three samples surface after exposed at laser fluences 




 To further verify the influence of laser fluence on the pattern size, two samples 
were exposed at different laser fluences. Other parameters such as period, reflow time 
and temperature, were set as constants in this case. Figure 3.8 shows the three 
dimensional AFM images and the corresponding microlens width measured at the 
cross-sectional view. It is shown that the microlens width is larger for the sample in 
Fig. 3.8 (a) as compared to the sample in fig. 3.8 (b). The former was exposed at 27 
mJ/cm2 while the latter was exposed at 45 mJ/cm2. The period remains the same at 




















FIG. 3.8 AFM images of different samples exposed at laser fluences of  
(a) 27 mJ/cm2 and (b) 45 mJ/cm2. 
 
 
3.4.2 Thermal reflow forming of microlens arrays 
Figure 3.9 shows the photoresist pattern arrays after thermal reflow captured by 
optical microscopy and AFM. Figure 3.9 (a) is the cylindrical microlens arrays (single 
exposure) and Fig. 3.9 (b) is the plano-convex microlens arrays (cross exposure). 
Thermal reflow process allows the photoresist structures to melt and reflow to form 
cylindrical or hemispherical microlenses due to the surface tension of the melted resist 
[39]. It was also found that after the thermal reflow process, the samples which had 
(a)
(b)
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oval shaped photoresist structures resulted from unequal exposures were corrected to 














FIG. 3.9 Optical microscope images and AFM 3 dimensional profiles of (a) 




To verify that the patterns only change its shape to hemispherical while maintain the 
same pitch distance, AFM was used to scan across a sample before and after the 
thermal reflow process. Figure 3.10 shows two cross-sectional measurements of the 
sample surface for the 2 process situations. Several changes have been observed. 
Firstly, the period of the photoresist structures and the arrangement of rectangular 
packed structures are not affected by the thermal reflow process. It was found that the 
periods before and after reflow are almost the same when random measurement was 





Chapter 3 Microlens arrays by laser interference lithography and reactive ion etching  
 57
reflow. Five randomly selected points were measured before and after the reflow 




















Table 3.1   Comparison of the pitch of microlenses before and after the reflow. 
Data 
points 
1 2 3 4 5 Average 
Before 
reflow 
1.797 µm 1.875 µm 1.836 µm 1.797 µm 1.797 µm 1.820 µm
After 
reflow 
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It is also observed that the structures are corrected and form circular based 
microlens array. It was also noticed that after the reflow, the height of the photoresist 
structures was reduced. This is because when the photoresist structures reflow to form 
hemispherical structure, the resist tends to pull together to reduce the surface energy 
while maintain a constant volume to reduce the height of the microlenses. The heating 
of photoresist also causes the resist to vaporize slightly from the resist surface in some 
extend; therefore the height becomes lower.  
Figure 3.11 shows the dependent of microlenses width on the reflow time and 
reflow temperature. Three reflow temperatures, 160 °C, 170 °C and 180 °C were 
investigated by varying the reflow time from 50 seconds to 100 seconds. The interval 
was set at 10 seconds and two samples were measured for each interval. As the reflow 
temperature increases, the microlenses width becomes larger. The same phenomenon 
was observed for increasing the reflow time. This could be because the increase of 
temperature or heating time reduces the viscosity of the resist during the melting; thus 
the resist becomes wider. Temperature increase also reduces the surface tension. The 
relationship among reflow temperature, reflow time and microlens width gives an idea 























FIG. 3.11 Dependence of microlenses width on the reflow time at reflow 
temperatures of 160°C, 170°C and 180°C, respectively. 
 
The reflow process is also affected by the exposure condition. During the 
exposure process, if there is insufficient exposure energy or duration, it causes 
photoresist under-exposure. Under-expose subsequently causes the area of photoresist 
that is supposed to be developed away becomes not fully removed. This leaves some 
residual resist connecting the photoresist structures, as shown in Fig. 3.12. The sample 
was exposed at a laser fluence of 17 mJ/cm2. When the sample was heated up to its 
melting temperature, the residual resists tend to pull adjacent patterns together to form 
a series of holes instead of lens arrays. Figure 3.13 shows the AFM image of ‘hole’ 






















































Some residual resist 
left between the 
photoresist structures














FIG. 3.13    ‘Hole’ patterns after the reflow caused by the incomplete exposure.   
 
The success of thermal reflow process highly relies on the LIL exposure and 
development processes. As long as the photoresist is fully exposed, the thermal reflow 
process will melt the photoresist structures to form the microlens array. The period 
between two structures melted into identical microlenses is pre-determined by the laser 
interference fringes and does not change with reflow conditions.  
 
3.4.3 Pattern transfer by reactive ion etching (RIE) 
In order to transfer microlens patterns after the reflow onto the quartz substrate, 
an anisotropic etching method, namely reactive ion etching (RIE) was used to perform 
the task. In this case, isotropic etching is no longer suitable for such pattern transfer 
process since the isotropic etching results in undercut at the sides of the base of the 
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photoresist microlenses. On the other hand, RIE process maintains almost a same 
profile after etching due to its anisotropic nature depending on the etch rates of the 
photoresist and quartz substrate. To determine the etch rates of both the photoresist and 
quartz substrate, the sample with S1805 photoresist was coated and sent for RIE 
etching under CF4 gas at a flow rate of 45 sccm (standard cubic centimetre per minute).  
The resist thickness before and after etching as well as the etched substrate depth after 
the resist stripping was measured. The calculated etch rates for photoresist and quartz 
are shown in Table 3.2. It can be seen that the etch rates for both photoresist S1805 and 
quartz substrate are almost the same at about 61 nm/min. To fully transfer the resist 
microlenses structure onto quartz substrate, the amount of time for the RIE etching 
should take into account the height of the microlenses.  
 







To verify whether the resist microlens patterns are fully transferred onto the 
quartz substrate, the two dimensioanl lens profiles of the sample before and after the 
RIE etching were measured and compared as shown in Fig 3.14. There is a slight 
difference in the height of the microlenses, 343.15 nm before the RIE (Fig. 3.14 (a)) 
and 342.96 nm after the RIE (fig. 3.14(b)). The photoresist S1805 has an etch rate 
























940 916 775 799 59.6 61.5
880 874 809 815 62.2 62.7
896 877 770 789 59.2 60.7
826 818 780 788 60.0 60.6
Average 60.3 61.4
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RIE. The difference is 1.0 % and it shows that the photoresist microlens patterns are 
fully transferred onto the quartz substrate. The surface morphology of the etched 
sample can be observed by the SEM. Figure 3.15 shows a SEM image of the MLA 
fabricated after the RIE etching. The microlenses are uniformly distributed with 
excellent surface finish.   


































FIG. 3.15 SEM image of a MLA sample after the RIE etching. 
 
3.4.4 Microlens uniformity and surface finish 
The physical properties of the fabricated microlenses were measured by the 
AFM with a vertical resolution of 1 Å. The surface roughness of the lens was 
measured at the area of the lenses peak. It was found that the lenses have excellence 
surface quality with average mean roughness Ra of 2.67 nm. Such roughness is critical 
as smooth optical surface reduces the optical aberration and gives better light focusing. 
Microlens array uniformity is the indicator of the variation of microlens 
dimension, such as width and sag height value across the fabrication area. To 
determine the uniformity of the microlens array, total 60 data points were collected by 
measuring 60 different microlenses at 5 locations across the a microlens array sample 
for their width and sag values. The histograms on the distribution of these values are 
shown in Fig. 3.15.  
 

























FIG. 3.16 Histogram distributions of microlense (a) sag height and (b) width 
measured over a microlens array sample. Total 60 points were taken. 
 















Reflow temp = 170 0C
Reflow time = 45 sec
CF4 etching for 8 mins
(a)























Reflow temp = 170 0C
Reflow time = 45 sec
CF4 etching for 8 mins
(b)
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For the microlenses sag height, it can be seen from Fig. 3.15 (a) that the mean 
sag height is calculated at 318.50 nm with a standard deviation of 6.43 nm, which is 
equivalent to 2.02% of error. As for the microlenses width, the mean value is 1495.1 
nm and standard deviation of 14.13 nm. The dimensional error is 1.00 %. The 
measured results show that the microlens array fabricated has a very good uniformity 
of microlenses over the sample area.   
 
3.5 Optical focusing ability of the microlens array 
fabricated 
 A laser light illuminates through the MLA is focused by the individual 
microlenses and forms an array of light spots. Here, the Point Spread Function of a 
diffraction-limited (dl) lens when a light incident on a lens is given by [130]: 
 
 
           (3.4) 
 
where r the radial coordination in the focal plane with the focal point as center, k the 
wave number (k=2π/λ), D the lens diameter and J1 the first order Bessel function. 
Equation (3.4) is obtained when the far field calculation of the intensity profile 
(Fraunhofer diffraction pattern) at the focal plane through a lens pupil P ideal (r, θ) is 
normalized. In this case, the focal spot of the Gaussian beam is considered diffraction 
limited and the diameter of the spot size can be calculated as the full 1/e2 width of the 
beam waist as given by Eq. 3.5. 
 









⎛ ⎞⎜ ⎟⎝ ⎠=
1.26 /#spotD Fλ=
Chapter 3 Microlens arrays by laser interference lithography and reactive ion etching  
 67
 In order to examine the ability of the fabricated microlens array in focusing a 
light source, the microlens array was illuminated by a laser light from the top and an 
80X objective lens was placed under the microlens array. By adjusting the objective 
lens so that it focused on the focal plane of the MLA, the image of the laser light 
focused by the MLA was captured as shown in Fig. 3.16. It is clearly seen that the 
microlens array can effectively focus the incoming laser beam into a series of identical 
tiny light spots. The laser beam was focused by a plano-convex microlens array (Fig. 









FIG. 3.17 The incoming laser beam was focused by (a) a plano-convex microlens 
array and (b) a cylindrical microlens array. 
 
The microlens array was also used to perform surface nanolithography by 
record the focused light beams on to a photopolymer layer coated on a Si substrate. 
The surface nanopatterning can be carried out by placing the substrate at a distance 
equal to the focal length of the MLA and allowed the photopolymer to be exposed by 
illuminating the microlens array with a laser source. Figure 3.17 shows the results 
obtained after the substrate was exposed and developed. A series of dot arrays were 
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full-width at half maximum (FWHM). It was also seen that the holes were evenly 
spaced in square packed shape with a distance between 2 dots of 2 µm. This equals to 
the arrangement and the pitch of the microlens array as expected.  
However, it was also noticed that there was low uniformity in the holes formed. 
The holes were of different sizes. This may be due to the microlens array not fully 
parallel to the photoresist sample, causing some holes to be bigger and some to be 
smaller. A few possible applications of this surface nanopatterning method are the 















FIG. 3.18    Dot arrays generated on the photopolymer layer by the laser 
illumination through the microlens array. 
 
~2µm
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 In the following chapter, geometrical and physical optics simulation techniques 
were used to simulate and understand the optical behavior of the microlens array when 
it is under a light illumination. The models and algorithms used in the simulation will 
be introduced as well. The simulation results are compared with the experimental 
observations and followed by some explanations. 
Chapter 4 Simulation study of field distribution of microlens arrays 
 
 70
CHAPTER 4  
SIMULATION STUDIES OF FIELD 
DISTRIBUTION OF MICROLENS ARRAYS 
 
4.1 Background 
 To study the behaviors and properties of light and its interaction with microlens 
array, it is necessary to carry out theoretical simulation analysis using a suitable micro-
optical system modeling technique. The simulation technique should be able to give 
detail analyses and characterization of a particular micro-optical system when a single 
or multiple sources of light propagate through the system. The classical theoretical 
simulation techniques of micro-optics generally can be divided into the geometrical 
optics and the physical optics. Geometrical optics modeling involves the tracing of 
rays, which can be represented by a series of imaginary lines. Physical optics or wave 
optics, on the other hand, models the propagation of light wavefronts through optical 
systems, including both the amplitude and the phase of the wave [131-132].  
In recent years, numerical methods, such as Method of Moment (MoM), Finite 
Elements Method (FEM), Finite-Difference Volume-Domain (FDVD) and Finite-
Difference Time-Domain (FDTD) have been used to model the electromagnetic wave 
interaction with matter. Since light is a form of electromagnetic wave, its behavior and 
characteristic can also be described using Maxwell’s equations. In this chapter, the 
method of microlens arrays modeling and simulation will be presented together with 
its results obtained. 
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4.2 General Ray Tracing 
 Ray tracing [133-135] is one of classical geometrical optics modeling and 
optimization techniques. It traces a series of optical rays that propagate along a certain 
optical axis in straight lines without interfering each other. Rays are imaginary lines 
that are normal to the optical wavefront, and it can be described by a position vector, r
G
 
and direction vector, e
G
 as [132] 
( ), ,r x y z p eμ= = +G JG G                                                           (4.1) 
where p
JG
 is the starting point of the particular ray, μ is a distance constant and | e
G
|=1. 
  When these rays are propagating through an intersection between 2 mediums 
eg, free space-optical surface, it changes its propagation direction through refraction 
and reflection. The point of intersection is subsequently used as the starting point of 
next ray path and all these can be calculated by a vector equation as mentioned above. 
The determination of ray’s propagation path and its corresponding optical path length 
keep continuing until the rays reach the final image surface.  
 There are two types of ray tracing, the sequential ray tracing and the non-
sequential ray tracing. For the sequential ray tracing the surface where the optical 
system is hit by the rays is known; whereas for the non-sequential system, the actual 
path taken by the rays is not clear. The ray tracing of microlens arrays is one of the 
non-sequential methods. In general, ray tracing provides significant simplification and 
flexibility of modeling techniques for almost all micro-optical systems, but it fails to 
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4.3 Physical Optics Propagation 
 The physical optics models the propagation of wavefront in an optical system. 
Wavefront propagates in a same direction as optical rays in a constant phase and 
coherently self-interfere. A transfer function is computed when the wave propagates 
from an optical surface to another or from a medium to another. This beam is 
represented by an array of discretely sampled points similar to the ray tracing methods. 
It has taken into account of diffraction, interference and polarization during the 
modeling process.   
 For a plane wave propagating in a homogeneous medium, the plane wave can 
be written as [131-132] 
( )2 x y zi v x v y v zAe π + +                                                   (4.2) 
where v represent the spatial frequency components of the plane wave. The angular 
spectra of plane waves are obtained by Fourier transform of the complex wave 
amplitude u(x,y,0) at z=0  
 ( ) ( ) ( )2, , ,0 x yi v x v yx yu v v u x y e dxdyπ+∞ +∞ − +
−∞ −∞
= ∫ ∫                                (4.3) 
A transfer function by inverse Fourier transform is needed to propagate the plane wave 
to another location, said zk by multiply the  ( ),x yu v v with a propagator, P 
1
2 2 22 1
( )




⎡ ⎤− −⎣ ⎦
=                                               (4.4) 
where P(zk) describes the complex phase of a plane wave with unity amplitude and 
1




⎡ ⎤− −⎣ ⎦ =  
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 Therefore, the complex amplitude at zk is the superposition of the propagated 
plane wave and is given as 
( )  ( ) ( ) ( )2, , , x yi v x v yk x y k x yu x y z u v v P z e dv dvπ+∞ +∞ +
−∞ −∞
⎡ ⎤= ⎢ ⎥⎣ ⎦∫ ∫                        (4.5)  
In this case, the numerical solution can be obtained using the fast Fourier transform 
[136].     
 
4.3.1 Simulation of Light Propagation through Microlens Array 
Angular spectrum propagator works well when the beam is collimated but it is 
suitable only for the propagation in free space and homogeneous medium. For a micro-
optical system whereby it consists of free space as well as various optical components 
with arbitrary surface, it is important to use the ray tracing method to trace the rays that 
represent the wavefront through the optical surface and construct the complex 
amplitude after each surface. Then the physical optics propagation is used to calculate 
the change in amplitude.  
Since microlens array is non-sequential components, it is difficult to model 
using only physical optics propagation. In this section, the results of simulation of a 
laser irradiation of a microlens array using the combination of ray tracing and physical 
optics propagation is presented. Figure 4.1 shows the model of the microlens array 
arranged in hexagonally packed arrangement and the corresponding intensity 
distribution at the focal plane. The microlens array modeled has a diameter of 23 µm, 
sag of 9 µm, which gives a focal length of 28.7 µm. A laser light source of λ=400 nm 
was irradiated through the backside of the microlens array. As can seen from Fig. 4.1 
(a) the microlens array effectively focused the incident laser beam into a series of 
discrete focus spots with equal intensity at the focal plane. 











FIG. 4.1 (a) Microlens array model used in the simulation and (b) its 
corresponding intensity distribution at the focal plane.  
 
 The cross section of the focus spots was shown in Fig. 4.2. The figure shows 
that the incident laser beam was well focused by the microlenses whereby the energy 
was distributed at the center region with its full-width at half maximum (FWHM) 
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 The model simulation shows that the combination of geometrical and physical 
optics gives a good prediction of the optical behavior and characteristic of light 
propagation through microlens arrays. However, geometrical ray model of light cannot 
adequately model the features with sizes in the order of wavelengths. When the size of 
microlenses becomes significantly small(close to wavelength of laser light), the strong 
diffraction effect takes place and therefore ray tracing approximation is no longer valid. 
The following section will introduce a numerical solution of Maxwell’s equations for 
modeling the microlens arrays with a size of a few microns [137]. 
 
4.4 Finite-Difference Time-Domain (FDTD) Method 
 Finite-difference time-domain (FDTD) is one of the popular electromagnetic 
waves modeling and simulation techniques [138,139]. As compared to other 
techniques, such as finite elements methods (FEM) and method of moments, FDTD 
electromagnetic field analysis covers a wide range of wave frequencies; thus makes it 
suitable for numerical predictions of various problems that deal with electromagnetic 
wave-matter interactions. The FDTD solutions can be applied in engineering structures 
including antennas [140], photonic bandgap structures [141], liquid crystals [142], 
microcavity optical resonators [143], waveguides [144] and micro-optical components 
[145].   
 FDTD approach is simple, robust and yet gives a detail numerical prediction of 
electromagnetic wave behaviors. It does not need to solve a series of linear matrix 
equations as what FEM does. FDTD offers a direct solution of Maxwell’s equations 
and transforms them into discretization equations. In general, FDTD provides a 
numerical solution to Maxwell’s differential time-dependent equations [138]. It is a 
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volume-based time-domain modeling technique which relates the electric field 
component, E and magnetic field component, H in space and time stepping process. In 
this case, the space and time derivatives of E and H components in Maxwell’s curl 
equations are central-differenced and discretized before it is resolved in a so-called 
leapfrog manner. Therefore, the E field component is solved at a given instance of time 
followed by H field component, and is repeated over and over. The calculated E and H 
values are stored in the memory for the next time stepping process until the simulation 
process is completed. 
 
4.4.1 Maxwell’s Equations for Electromagnetic Wave   
 Maxwell’s equations consist of a set of 4 equations that relate the electric field, 
E and magnetic field, H in the time-space relationships. Considering a space domain is 
free of electric or magnetic current source with a possibility of the existence of 
materials that absorb electric or magnetic field energy, the constitutive differential and 
integral forms of Maxwell’s equations can be written as [138,139 ,146] following: 
 
Ampere’s Circuital Law:  
            (4.6a) 
(4.6b) 
 
where H is the magnetic field strength in amperes per meter; D the electric flux density 








D dA H dl J dA
t
∂ ⋅ = ⋅ − ⋅∂ ∫∫ ∫ ∫∫v
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where E is the electric field in volts per meter and B the magnetic field density in tesla 
or weber per square meter. 
 







 For a linear, homogenous, isotropic and non-dispersive material, the interaction 
of electromagnetic wave with matter can be related to polarization density, P and 
magnetization density, M as following: 
                                                                                                                     (4.10a) 
mM Hχ=                                                     (4.10b) 
The material equations of D, B and J [147] which relate to E and H are given as: 
0 0 0(1 )e rD E P E E Eε ε χ ε ε ε= + = + = =                                   (4.11a) 
0 0 0( ) (1 )m rB H M H H Hμ μ χ μ μ μ= + = + = =                         (4.11b) 






B dA E dl
t
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where P in coulombs per square meter, M in ampere per meter, χe the electrical 
susceptibility of the material, χm the magnetic susceptibility of the material, σthe 
electric conductivity in siemens per meter, ε the permittivity of the material and μ the 
permeability of the material. Subscripts 0 and r denote the free space and relative 
permittivity/permeability, respectively.  
 By rewriting Eqs. (4.6a), (4.7a), (4.8a) and (4.9a) by substituting Eq. (4.11) 
into respective equations, we obtain a set of Maxwell’s equations that consist only 2 




ε σ∂ = ∇× −∂                                                    (4.12a) 
H E
t
μ ∂ = −∇×∂                                                        (4.12b) 
[ ] 0Eε ∇ ⋅ =                                                            (4.12c) 
[ ] 0Hμ ∇⋅ =                                                           (4.12d) 
 
The constants of ε, μ and σ are scalars that are independent of time, position 
and field strength. The first equation of Maxwell’s equations, Eq. (4.12a) implies that 
the changes of E field over a time step (time derivatives) is dependent on the changes 
of H field across a space step (curl). The second equation (Eq. 4.12b), on the other 
hand, which explains that magnetic field change in time is equal to the electric field 
variation in space. The divergence of E and H components in Eqs. 4.12c and 4.12d 
state that the net electric flux and magnetic flux out of any closed surface is zero, 
which means there is no free electric and magnetic charges within the space. 
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By expanding the vector components in curl operators of Eqs. (4.12a) and 
(4.12b) to scalar components in three dimensional rectangular Cartesian coordinates 
system, we will get the following partial differential equations: 
 
1 yx zEH E
t z yμ
∂⎡ ⎤∂ ∂= −⎢ ⎥∂ ∂ ∂⎣ ⎦




∂⎡ ⎤∂∂ = −⎢ ⎥∂ ∂ ∂⎣ ⎦




∂ ∂∂⎡ ⎤= −⎢ ⎥∂ ∂ ∂⎣ ⎦                                                   (4.13c) 
 
( )1 yx z xHE H Et y z σε
∂⎡ ⎤∂ ∂= − −⎢ ⎥∂ ∂ ∂⎣ ⎦
                                         (4.14a)  
 
( )1y x z yE H H Et z x σε∂ ∂ ∂⎡ ⎤= − −⎢ ⎥∂ ∂ ∂⎣ ⎦                                           (4.14b) 
 
( )1 y xz zH HE Et x y σε
∂⎡ ⎤∂∂ = − −⎢ ⎥∂ ∂ ∂⎣ ⎦
                                          (4.14c) 
  
The six equations above give the detail time-space relationships between E and 
H field components, which are characterized by the three constants, µ, ε and σ 
respectively. These equations also form the basic algorithm for FDTD and will be used 
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4.4.2 Yee’s Algorithm for Three Dimensional Maxwell’s Equations 
 This algorithm was first introduced by Yee [148] in 1966. A set of finite-
difference equations was developed for the Maxwell’s curl equations system which 
consists of partial differential equations (4.13) and (4.14) that were discussed in the 
previous section. As shown in Fig. 4.1, Yee defined a FDTD lattice unit cell in a three 
dimensional space. The space of solution is divided into a mesh of grid cells whereby 
the E and H field components are defined in each cell and staggered in space with E 
and H field components separated by one half of space cell. Each E field component is 
surrounded by four circulating H field components and vice versa. 
 
 
FIG. 4.3 Three dimensional unit cell of Yee’s space lattice at the position of the 
electric and magnetic field components. 
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 Considering a lattice with cell increment in x, y and z directions as Δx, Δy and 
Δz, the spatial cell point is denoted as 
( ) ( ), , , ,i j k i x j y k z= Δ Δ Δ                                              (4.15) 
and for time step of Δt the space-time function can be expressed as  
( ), , ( , , , )nF i j k F i x j y k z n t= Δ Δ Δ Δ                                      (4.16) 
where i, j, k and n are integers. Therefore the finite-difference expressions for both 




1 1( , , ) ( , , )( , , ) 2 2 ( )
n n
n F i j k F i j kF i j k O x
x x




2( , , ) ( , , ) ( , , ) ( )
n nnF i j k F i j k F i j k O t
t t
+ −∂ −= + Δ∂ Δ                      (4.17b) 
 The expression of Eq. (4.17) illustrated the central differencing approximation 
that is in the second order accurate for spatial and temporal derivatives. In this case, 
Yee algorithm takes a central difference of ±1/2 increment in space and time 
coordinates (±1/2Δx and ±1/2Δt) instead of ±Δ due to the reason that it interleaves E 
and H field components at an interval of Δ/2. This allows a leapfrog algorithm and 
time stepping of field components to be implemented. 
Applying the notation of Eqs. (4.17) to Maxwell’s partial differential equations 
of (4.13) and (4.14), we will obtain a set of numerical solutions of Maxwell’s 
equations as shown in Eqs. (4.15) and (4.16) for E and H fields interrelationship in a 
three dimensional space lattice [138,139,146]. 
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Numerical solutions for Ampere Circuital Law: 
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− Δ ⎡ ⎤Δ= + −⎢ ⎥+ Δ + Δ Δ ⎣ ⎦
⎡ ⎤Δ− −⎢ ⎥+ Δ Δ ⎣ ⎦
  (4.18c) 
 
Numerical solutions for Faraday’s Law of Induction: 
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⎡ ⎤Δ= + −⎢ ⎥Δ ⎣ ⎦
⎡ ⎤Δ− −⎢ ⎥Δ ⎣ ⎦
                           (4.19c) 
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In general, a new value of E or H fields at any lattice cell point is dependent on 
its previous respective value and the previous values of surrounding tangential field 
components. A field component is computed numerically at a time at any time step and 
it advances to one half of time step for another field component computation. This 
keeps going on until the simulation process is completed. Since all field components 
are assumed to be zero at the beginning of the simulation (t = 0), an incident wave 
source is defined before it enters the computation domain. The incident wave source 
can be a continuous wave (CW) or pulsed wave excitation. Yee’s algorithm is more 
robust and straight forward because it solves both the E and H field components 
simultaneously in Maxwell’s curl equations rather than solving them one by one by 
wave equations.  
 
4.4.3 Numerical Stability and Mesh Truncation  
 The accuracy of FDTD method of Maxwell’s equations depends on several 
factors. One of them is the numerical stability of Yee algorithm during the time 
stepping procedure [138,139,149]. The numerical stability requires the time increment, 
Δt defined in finite-difference expression in Maxwell’s equations to be bound 
relatively to the lattice cell increment, Δx, Δy and Δz. This should satisfy the following 
relationship: 









⎡ ⎤+ +⎢ ⎥Δ Δ Δ⎢ ⎥⎣ ⎦
                                        (4.20) 
where v is the maximum phase velocity of the electromagnetic wave in the modeled 
region. For computational accuracy, the lattice cell increment should be the same 
whereby Δx = Δy = Δz = Δ. Therefore, Eq. (4.12) is simplified as 











                                                     (4.21) 
 Another factor that affects the FDTD system’s stability is the boundary 
conditions where the lattice truncation method is employed. Since FDTD method is a 
volume based numerical method, the whole computational domain has to be 
discretized in order to achieve a numerical solution. However, when dealing with the 
geometries that are defined in an open region, the computational domain could be 
infinite or unbound. Due to the fact that it is impossible to simulate infinity spatial 
domain by considering the limited computer memory capacity, there is a need to define 
computational domain size by truncating it to a finite size. The truncation method 
enforces a boundary condition to the outer perimeter of the computational domain, 
which simulates the non-reflective nature of free space. It should allow the numerical 
wave propagating outward from computational domain to disappear at the lattice 
boundary without any reflection.  
  The most common truncation scheme used is absorbing boundary conditions 
(ABC), whereby the propagating wave is absorbed at the lattice boundary. Since 1980s, 
there were many researches on the physical and numerical approaches of ABC 
implementations [150-152]. A more recent approach of ABC-based truncation 
technique, which forms a perfectly matched layer (PML) at the boundary of 
computational domain [144,153-156]. PML is a lossy absorbing layer whose 
impedance matches that of free space and it absorbs any kind of wave at any frequency 
and at any incident angles without any reflection. An anisotropic PML is one of the 
PML boundary conditions that are based on Maxwellian formulation with the 
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introduction of permittivity and permeability tensors s for three dimensional structures 



















⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦


















⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦
                                     (4.22b) 
where 
0
s i σκ ε ω= − . This medium gives a prefect attenuation of incident wave 
regardless of frequencies, polarizations and angle of incidence. Due to the reason that 
there might be significant reflection at the anisotropic PML interface, spatial scaling of 
the conductivity constant, σ is need in order to minimize it. The spatial variant is 




σ σ ⎛ ⎞= ⎜ ⎟⎝ ⎠               and                   ( )max1 1
mx
L
κ κ ⎛ ⎞= + − ⎜ ⎟⎝ ⎠              (4.23)  
where L is the thickness of the anisotropic PML at each axis direction. m is the order o 
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4.5 FDTD Simulation of Laser Irradiation through a 
Microlens Array 
In this section, the implementation of the FDTD method to simulate the 
interaction of laser beam with microlens arrays will be introduced and discussed. 
Figure 4.4 shows the FDTD domain of computation with a microlens array is located 
at the free space. The incoming incident wave, which can be a pulsed or continuous 
wave excitation, is defined to propagate along z direction from x-y plane at z = 0. The 
microlens array is located at some distance from z = 0, parallel with x-y plane with its 













FIG. 4.4 The FDTD computational domain for laser irradiation of a microlens 
arrays in a three dimension free space region.  
 
Incident laser beam
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The free space is equivalent to air, therefore the permittivity and permeability 
are given as ε0 and µ0. Therefore, the partial differential equations (4.13a) and (4.14a) 
can be rewritten as 
 
0
1 yx zEH E
t z yμ
∂⎡ ⎤∂ ∂= −⎢ ⎥∂ ∂ ∂⎣ ⎦







∂⎡ ⎤∂ ∂= − −⎢ ⎥∂ ∂ ∂⎣ ⎦
           (4.24) 
 
The values of constants ε0 and µ0 are 8.85 × 10-12 farads per meter and 4π × 10-7 
henries per meter, respectively. Similar notation is applied to Eqs. (4.8b) – (4.9c) since 
the free space is considered as an isotropic, homogeneous and dispersionless medium. 
 As the incident wave propagates along the z direction, it starts to enter the 
region of microlens array. For a microlens array, the material is set as quartz which has 
refractive index n of 1.54. The permittivity of the microlens array is now changed to ε 
with its relationship with n as 
 
      ( )20 0 rnε ε ε ε= ⋅ =                                                        (4.25) 
where ε the permittivity of quartz and εr the relative permittivity, which equals to n2. 
For dielectric material, such as quartz, it is considered as non-permeable media, 
therefore µ = µ0. The third constant, electric conductivity σ for both free space and 
quartz are set as zero since they are non-lossy mediums. The finite difference 
equations of (4.18a)-(4.19c) become simplified. 
 The output of the calculation can be viewed as E and H field distributions 
depending on the polarization direction or it can be presented in energy/power flux, 
Poynting vector, S. Poynting vector is the vector product of the E vector and the H 
vector given as  
S E H= ×                                                           (4.26) 
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Its unit is in watt per square meter, which describes the energy flow through a surface 
in terms of electric and magnetic properties and the vector point in the direction of the 
propagating electromagnetic wave. 
 
4.5.1 Analysis of Focusing Ability of Microlens Array 
 The unique property of a microlens array is its ability to split an incoming 
incident light source into a series of tiny light spots. The simulation results obtained 
are used to examine its ability of focusing a collimated laser beam with a wavelength 












FIG. 4.5 The three dimensional Poynting vector plot with respected to the X-Y 
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the laser beam into four equal intensity beam spots with its maximum Poynting vector 
value of 0.007 W/m2. 
 At the focal plane, we observed an array of spots with a distance between 2 
spots equal to the pitch of the microlens array. However, if the observation plane is 
away from the focal plane, different pattern arrays were observed as shown in Figs. 4.6 
(a) – (d). A microlens array was illuminated with a coherent laser light and the image 
planes were captured using a microscope with a 40X objective lens and a color CCD 
camera. The images are compared with the simulation results and found to be identical 
to each other for some of the image planes. The images at these observation planes are 
different in terms of intensity distribution and pattern structures. However, the 
periodicity still remains the same. Such phenomenon is due to the several effects, such 
as interference, diffraction and divergence of the beam when it is propagated after the 








































FIG. 4.6 Intensity distributions for different image planes of a laser illumination 
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4.5.2 Analysis of spot diameter with respect to sag height 
 By varying the different sag heights with reference to the microlens diameter, 
the intensity distribution of the laser light irradiation of the microlenses arrays at the 
focal plane is simulated. The microlens diameter is fixed at 1 µm while the sag height 
of the microlens is varied from 150 nm to 500 nm and the laser source chosen was 248 
nm excimer laser at a repetition rate of 1 Hz.      
 Figure 4.7 shows the different intensity distributions obtained at the focal plane 
of the microlens arrays. Since the microlenses are symmetrical, we only took a single 
focus spot for analysis. The two dimensional intensity along the center of the 
microlens is plotted as shown in Figs. 4.7 (a) – (f). The FWHM of the focused laser 

















= 320 nm 
Sag = 150 nm  (b) 
FWHM 
= 220 nm 
Sag = 200 nm 



















FIG. 4.7 Two dimensional intensity distributions of laser beam irradiation of 
different microlens sag heights. 
  
 As observed from Fig. 4.7, the FWHM increases when the sag height decreases. 
This can be explained by the optical diffraction limit whereby the minimum focus spot 
size is inversely proportional to the numerical aperture (NA) of the lens. Numerical 
aperture can be defined as ratio of microlens diameter to its focal length (D/f). As the 
sag of a microlens increases, the numerical aperture increases as well, thus the spot 
size decreases. As for the maximum intensity, when the spot size decreases, there is 
more energy confined per unit area thus the fluence increases. This can be observed 
FWHM 
= 190 nm 
(c)
Sag = 250 nm  
FWHM 
= 170 nm 




Sag = 350 nm  
FWHM = 
160 nm 
(f) Sag = 500 nm 
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from the Poynting vector plot in the simulation results shown in Figs. 4.7 (a) – (b). The 
results are summarized in Table 4.1 together with the calculated and measured focal 
lengths from the simulation results. The details of the intensity distribution are 
summarized in Table 4.1. 
     




0.15 1.682 1.674 0.008 320 0.00444
0.20 1.343 1.340 0.003 220 0.00710
0.25 1.157 1.104 0.053 190 0.00850
0.30 1.049 1.004 0.045 170 0.00975
0.35 0.985 0.949 0.036 160 0.01100
0.50 0.925 0.854 0.071 160 0.00790








 The next chapter will introduce the application of microlens array in maskless 
surface nanopatterning of identical periodic nano-features. The experimental setup and 
mechanism of nanopatterning will be revealed. The results obtained by using laser 
irradiation through a microlens array are discussed. Finally, some potential 










SUB-MICRON SURFACE NANOPATTERNING BY 
LASER IRRADIATIONS THROUGH  
MICROLENS ARRAYS 
 
5.1 Introduction  
5.1.1 Review on surface nanopatterning 
The advance in nanoelectronics, nanophotonics and data storage technology 
has stimulated the development of surface nanostructuring techniques. In recent years, 
surface nanopatterning has emerged as one of the areas of interest in scientific 
researches due to the rapid development in microelectronics components and MEMS 
devices fabrication. As the electronic devices nowadays are getting smaller and more 
compact, the miniaturization of these components requires large scale and fast speed 
patterning techniques in micro and sub-micron range of resolution.  
In recent years, various techniques in performing sub-micron patterning have 
been extensively investigated and reported. One of the most commonly used 
techniques is lithographic technique which involves the replication of patterns on 
photoresist through light irradiation and transfer to the substrate by etching process. 
Optical lithography, or commonly known as photolithography, utilizes a light source to 
print patterns on a mask onto a photoresist by photochemical reaction. The resolution 
of this lithographic technique is controlled by the optical diffraction limit. According 
to Abbe’s optical diffraction limit for far-field optics [157], the lateral resolution of a 
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focused light beam r is related to the wavelength of the incident light λ and optics 
numerical aperture NA.  
                      (5.1) 
 
Over the decades, many researches have been carried out to develop various 
novel surface nano-patterning techniques to overcome this problem. As can be seen 
from Eq. (5.1), the optical diffraction limit can be overcome by either reducing the 
wavelength of the light source λ or by increasing the optic’s numerical aperture NA, 
such as Deep UV lithography [158,159] and near-field scanning optical lithography 
(NSOL) [160,161]. On the other hand, different types of non-optical lithographic 
techniques, such as X-ray lithography [162,163], E-beam lithography [164,165] and 
nanoimprinting lithography [166,167], are also capable to produce patterns in 
nanometer scale. However these lithographic techniques suffer from either high setup 
cost or low throughput that concerns the manufacturing industry.  
 
5.1.2 Laser micro and nanoprocessing 
Laser processing is one of the promising tools in non-contact material 
processing that gives the advantages of low cost and is suitable for processing different 
kinds of materials. Conventional laser processing technique by focusing the laser light 
through a focusing lens can achieve features in micron range [168-170]. The high 
intense laser energy enables one to perform numerous materials processing by laser 
ablation. Therefore, two and three dimensional micro-structures can be generated by 
applying the intense laser beam to the material and controlling the toolpath of the laser 
beam. For laser surface nanostrucuring, microsphere nanopatterning [171,172] is a 
laser-induced highly localized surface modification by simply focusing laser light onto 
NA
r λ22.1=
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the substrate through a layer of self-assembly micro-particles. The particles are capable 
of enhancing the laser intensity at a near field region of a few tenth of nanometer. This 
technique has been promising and capable of producing sub-micron periodic patterns 
directly on a substrate over a large area uniformly. However, the major drawbacks are 
the difficulty in controlling the particle arrangement, the existence of bi-layer of 
particles and the impossibility of particles re-use.   
In this chapter, a hybrid surface sub-micron patterning method of combing the 
laser and microlens arrays (MLA) has been proposed. MLA is one of important 
microoptics components that consist of a series of miniaturized lenses with same size 
and focal length. These lenses are arranged in a certain form of order [3], mostly 
hexagonally or squarely packed and spherical or cylindrical in shape. As compared to 
normal single lens in a typical optical system, MLA focuses an incident light and 
forms a series of parallel light spots at the focal plane [173,174]. By illuminating laser 
beam through a MLA, sub-micron patterns are produced efficiently on photoresist 
through the lithographic method. This surface nanopatterning technique is similar to 
that using a monolayer of micro-particles, which can generate thousands to millions 
nanopatterns  (depending on the size of the MLA and also the numbers of microlenses) 
by a single or multiple pulses. However, due to the non-contact nature of the MLA 
surface nanopatterning, it gives the advantages over microsphere nanopatterning in 





Chapter 5 Sub-micron surface nanopatterning by laser irradiation through microlens arrays 
 
 97
5.2 Experimental details 
5.2.1 Sample preparation  
The sample used in this experiment was silicon substrate coated with a layer of 
photoresist. Before the silicon substrate can be used, it was first cleaned in the 
ultrasonic bath by isopropanol solvent (IPA) and de-donised water (DI water) to 
remove particle and organic contamination. After the silicon susbtrate was cleaned, a 
layer of adhesion promoter, such as HMDS with a thickness of a few nm, was coated 
on the substrate. Two types of photoresists were used in this experiment, Microresist 
ma-P 1205 UV photoresist and Shipley UV 54 deep UV amplified photoresist. Both 
photoresists have sub-micron resolution, which make them suitable for surface 
nanopatterning applications. The photoresist was spin coated on the substrate at a spin 
speed of 6000 rpm to obtain a resist thickness of about 400 nm. The coated sample was 
then put on a hotplate to bake the photoresist at a temperature of 90 – 100 °C in order 
to remove the moisture.  
 
5.2.2 Microlens arrays used for surface nanopatterning 
Figures 5.1 (a) and (b) show the MLAs used in this experiment, a hexagonally 
packed MLA and a squarely pakced MLA, both made of quartz that were used to 
perform the patterning process. For the hexagonally pack MLA, the pitch between 2 
lenses is 25 µm with a diameter of 23 µm and sag of 9 µm. There were totally 401 x 
401 lenses covering an area of 1 cm2, which is equivalent to 160,000 focused light 
spots at the focal plane when illuminated by a laser source. For the squarely pack MLA, 
the pitch is 2 μm with a diameter of 1 μm over an area of 5 mm x 5mm, which 
corresponds to 6,250,000 of microlenses. Figure 5.2 shows the schematic drawing of 
basic principle of MLA patterning on photoresist. A single incident laser beam source 
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passed through the MLA and focused by each individual microlens due to the 
refraction. The focusing of the incoming laser beam by the microlenses divides the 
single beam into multiple tiny focused laser beams at the MLA focal plane, with the 
distance between 2 laser beams mimicking the pitch of the MLA. When a sample with 




















FIG. 5.2    Schematic drawing of working principle of MLA nanopatterning. Each 
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at the focal plane, sufficient laser intensity and irradiation time change the chemical 
properties of the photoresist material. This exposed material reacts with developer and 
is dissolved away, thus generating a series of periodic patterns. 
 
5.2.3 Experimental setup 
The laser systems used for the exposure are Ti:Sapphire second harmonic 
generation femtosecond laser (Spectra Physics Tsunami, Mode 3960, λ = 400 nm, τ = 
100 fs, repetition rate = 82 MHz) and KrF excimer laser (Lambda Physik LEXTRA 50, 
λ = 248 nm, τ = 23 ns, repetition rate = 1 Hz). The laser emits from the laser head and 
passes through a beam splitter or an attenuator before it is directed to the reflective 
mirror for irradiation through the MLA. The purpose of beam splitter/attenuator is to 
reduce the laser energy going into the system. In order to control the distance between 
sample and MLA, the laser was coupled with a precision XYZ translation 
nanopositioning stage with NC control as shown in Fig. 5.3. A high resolution 
precision Z stage was needed in order to maintain a consistent gap distance between 
the MLA and the sample. This was achieved by using a piezo actuator, which has a 
closed loop resolution of 5 Å. The system also enables lines and dots with a distance 
other than the pitch of 2 µm to be patterned on the photoresist by moving the stage in 
X-Y directions during the exposure. The patterned samples were then characterized by 
a high resolution optical microscope, scanning electron microscope (SEM) and atomic 




















FIG. 5.3 Nanopositioning system used to control Z height during the 
nanopatterning process. 
 
5.3 Surface nanopatterning by femtosecond laser  
5.3.1 Sub-micron patterns  
Sub-micron periodic nanopatterns can be generated by simply irradiating the 
MLA with laser and moving the sample close to the focal plane. Figure 5.4 shows the 
image of a sample after exposure at a laser fluence of 12.3 mJ/cm2 by the femtosecond 
laser. As it can be seen from the image, the measured average pattern size is 410 nm 
and the distance between 2 dot patterns is measured at about 25 µm, which is 
equivalent to the pitch of the lenses. This can be attributed to the patterning which was 
done at the focal distance by the MLA. The focal length of a MLA f is the distance 
whereby the laser source is focused to the smallest spots by the lenses and has the 
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R of the lens surface, sag height h and radius r of the lens, which can be calculated 
from the Eqs. 5.2 and 5.3 [175]. 
       
(5.2) 
    
            (5.3) 
The radius of the fused silica lens is 11.5 µm and sag is 9 µm, which corresponds to R 
of 11.86 µm and f of 28.7 µm. When the laser irradiates through the MLA, large 
numbers of tiny focused laser beams form at the plane parallel to the sample surface at 
a distance equal to the focal length. The focal plane was obtained by using a spacer. 
Due to the intense laser energy at the focal point, the photoresist absorbs the laser 
energy and changes its chemical property so that the developer solution only dissolves 










FIG. 5.4 Dots arrays patterns on the photoresist after exposure using MLA at the 
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5.3.2 Influence of laser pulse number 
The nanopattern feature size can be altered by changing the exposure 
conditions. Figure 5.5 shows the influence of exposure time to the size of patterns after 
development at a laser fluence of 3.2 mJ/cm2. The exposure time was varied from 1 
second to 6 seconds and the sizes of the patterns were measured by a high resolution 
microscope. It can be found that the pattern size increases with exposure time. The 
laser system used was a pulsed laser at a repetition rate of 82 MHz, which means there 
were 82 x 106 pulses of irradiation in one second. Therefore, as the exposure time 












FIG. 5.5 Dependence of the pattern size on the laser irradiation time at a constant 
laser fluence of 3.2 mJ/cm2. 
 
This subsequently causes the exposed area to become bigger and as a result pattern 
size becomes bigger. The increase of patterns size with exposure time is not linear due 
to the effect of ultra-high peak power of the laser pulse and the non-linear adsorption  


















Laser Fluence = 3.2 mJ/cm2 
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phenomenon of the femtosecond laser light when it interacts with the photoresist 
material during photochemical reaction process.  
 
5.3.3 Influence of laser fluence 
The pattern size is highly dependent on the laser irradiation energy as well as 
the exposure time. As the laser fluence increases, the pattern size increases. However, 
when the laser fluence is too high, exceeding the ablation threshold, the photoresist is 
ablated away instead of reacting photochemically, leaving holes with a diameter of a 




In this case, the wavelength of the femtosecond laser λ is 400 nm, focal length 
of the MLA f is 28.7 µm and the size of incoming light source, d0 equal to the lens 
diameter 23 µm. Assuming that the laser is a perfect Gaussian beam and therefore M2 
is equal to 1, it gives dmin of 636 nm. Figure 5.6 shows the 2D profile obtained by an 
AFM on two different patterns exposed at different laser fluences of 12.6 mJ/cm2 and 
4.1 mJ/cm2, respectively. For Fig. 5.6 (a), the pattern feature size was 635 nm with its 
full width at half maximum (FWHM) of 439 nm, which was very close to the 
calculated dmin value. However as the laser fluence was further decreased, pattern size 
can be further reduced to 340 nm with the FHWM of 274 nm, as shown in Fig. 5.6 (b). 
This could be due to lower laser fluence that leads to the less energy absorbed by the 
photoresist and only the area at the top photoresist layer to be resolved by the 
developer. The other reason was the multi-photon absorption characteristic of 
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The pattern profiles reassemble a valley shape with the deepest point at the 
center of the pattern. This is due to the Gaussian beam profile of the femtosecond laser 
source whereby its power intensity is the highest at the center of the beam and 
gradually reduced from the beam center. When the focused laser beam was irradiating 
on the photoresist surface, the center of the focused beam gives the most energy that is 
















FIG. 5.6 AFM profiles of patterns exposed at laser fluences of (a) 12.6 mJ/cm2 
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5.3.4 Fractional Talbot effect 
When the sample was exposed at the focal plane of the MLA, the pattern arrays 
generated after resist developed re-assemble the pitch of the lenses. However, if the 
sample was exposed at the distance that is not equal to the focal length of the lenses, 
more complicated patterns can be observed. This is because the laser light coming out 
from the each of the lenses acts as an individual point source and interferes with other 
adjacent lenses. This creates complex periodic patterns with different light 
distributions. At different distances from the focal plane, the patterns generated have 
different light distributions. This phenomenon was first described by Talbot [176Error! 
Reference source not found.] in 1836 for all periodic structures, such as interference 
of light through a grating. Besold et. al. [177,178] further investigated and explained 
this phenomenon appeared in microlens arrays. 
The fractional Talbot effect for a MLA plane explains that for a distance away 
from the focal plane multiplied foci can be observed on the plane parallel to the focal 
plane. The fractional Talbot distance z is described as M/N zT, whereby zT is the Talbot 
length while M and N are non-negative integers [178]. When the Talbot plane is 0, it is 
at the focal length of MLA and the pattern obtained is exactly the replication of the 
foci of MLA as shown in Fig. 5.1. Figures 5.7 (a)-(c) show the patterns with multiplied 
foci at different fractional Talbot planes. As can be seen from the figures, there were 
several other ‘sub-foci’ surrounding the foci of the focal plane. The amplitude function 
in a plane parallel to the focal plane at z = z0 can be calculated with the method of the 









           (5.5) 
 
where λ is the wavelength of the light, vx and vy spatial frequencies and the function is 
the Fourier transform of  ( , )x yu v v . The wave amplitude in a fractional Talbot plane 
therefore can be expressed as:  
   
                                                                                                                         (5.6) 
 
The complex factor F in Eq. 5.6 is responsible for the multiple foci at the 
fractional Talbot plane. The numbers of multiplied foci depend on the location of 
sample, which is the Talbot distance. For ½ and 1 Talbot planes there are not 
multiplied foci but the intensity of these planes is not the same as that at focal plane. 
The phenomenon of multiplied foci at the fractional Talbot plane is useful for 
patterning substrate that requires high density of patterns per unit area (higher than the 
density of microlenses on the MLA) with only a single exposure. However the non-
uniformity of the intensities of the multiplied foci in the fractional Talbot planes could 
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FIG. 5.7 Multiplied foci patterns on photoresist caused by the fractional Talbot 
effect at different fractional Talbot planes. 
 
 
5.3.5 Arbitrary pattern fabrication by moving the XY stage  
Single exposure at the focal plane enables patterning of features with a period 
equal to the pitch of MLA only. Fractional Talbot plane effect does not allow one to 
pattern any desired features. The unequal intensity of multiple foci may give unequal 
patterns dimension. Hence, in order to pattern other periodic structures, the NC 
controlled moving X-Y stage was used to carry out multiple exposures at the MLA 
focal plane. The patterning was done by controlling the steps of the stage movement as 
well as the traveling speed of the stage. Figure 5.8 shows two different pattern 
structures patterned by coupling the MLA to the X-Y stage. Figure 5.8 (a) was a dot 
array with a period of 2.5 µm exposed at a laser fluence of 5.4 mJ/cm2. The average 
feature size was measured at 589 nm. To achieve such squarely arranged array of 
25 µm 10 µm 
 
(c) 
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patterns, the stage was programmed to move 2.5 µm and shutter was open to expose 
the sample. This was repeated by moving the stage horizontally and vertically until all 
the areas were exposed. As the feature size is affected by the exposure time, to control 
the duration of shutter open enables the control of the desire feature size.  
Figures 5.8 (b) shows another array of patterns created using the MLA. Each 
lens of MLA patterned 4 rows of uniform line patterns. The length of each line was 20 
µm and average width of 760 nm. For the line patterns, the width of the line is 
controlled by the stage moving speed since the shutter was remained open during the 
patterning process. The MLA acts as a series of ‘light’ pens, which ‘drew’ thousands 
of same features simultaneously. Figure 5.9 shows the AFM image obtained by 
scanning the sample in Fig. 5.8 (a). It was shown that the dots were uniformly 








                    (a)                                   (b) 
FIG. 5.8 MLA patterning of (a) dot arrays and (b) line arrays by coupling the 




















FIG. 5.9 AFM profile of dot arrays with a period of 2.5 µm by moving the X-Y 
stage at a step size of 2.5 µm vertically and horizontally. 
 
 
5.3.6 Pattern transfer onto substrate 
Reactive ion etching (RIE) was used to etch the samples to transfer the patterns 
onto the substrate. The advantages of RIE are that it has high etching selectivity and is 
suitable to etch silicon. Figure 5.10 (a) shows the AFM image of a sample that the 
resist has been stripped away after the RIE. The etching was done using CF4 with a 
flow rate of 55 sccm for 5 minutes. The depth of the etched pattern was 68 nm and 
width of 845 nm. Figure 5.10 (b) shows another etched sample with patterns similar to 
the one shown in Fig. 5.7 (c). From both figures, it was found that both etched samples 
have patterns arrangement similar to those after being exposed. It has been 
demonstrated that the periodic features patterned by the MLA can be successfully 
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transferred to the substrate by RIE. By changing the etching time and etchant’s flow 





















(b)   
FIG. 5.10 Reactive ion etching (RIE) of samples with patterns exposed at (a) focal 
plane and (b) fractional Talbot planes. 
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5.4  Surface nanopatterning by nanosecond laser irradiation 
5.4.1 Single pulse nanopatterning 
Figure 5.11 shows the SEM images of the array pattern generated after the laser 
irradiation through the MLA (pitch = 2 µm, diameter = 1 µm) using a 248 nm KrF 
excimer laser. During the surface nanopatterning process, the sample was brought to 
the focal plane of the MLA with the highest intensity at this point. The MLA used has 
a diameter of 1 μm and sag height of 270 nm, which gives a focal length of ~ 1.1 μm. 
By varying the distance between the sample and the MLA, an array of periodic nano-
dot patterns was created after the photoresist was developed. In Fig. 5.11 (a), an array 
of dot structures with a diameter of 400 nm formed at a laser fluence of 45 mJ/cm2 was 
observed. Each individual hemispherical microlens refracted the laser light and 
focused it into a small light spot. As it was a photo-chemical reaction process involved 
under UV laser irradiation, the photo-polymer material underwent a chemical 
transformation at the point where the intensity of light irradiation was above the 
exposure threshold. Therefore, only those areas at the focal points where the photo-
polymer had undergone chemical change were soluble to the developer for the 
formation of nano-dot arrays. The same phenomenon is shown in Fig. 5.11 (b) but with 
a nano-line array from the cylindrical lenses structure. The width of the lines is 300±
12 nm formed at a laser fluence of 38 mJ/cm2. 
Figure 5.12 shows the AFM three and two dimensional cross section profiles of 
a sample patterned at a laser fluence of 15 mJ/cm2. The distance between two 
neighboring dot patterns is 2 µm, which is equivalent to the lens pitch of the MLA. 
The average dot size is 185 nm measured at its full width at half maximum (FWHM), 
82% reduction as 
 


























FIG. 5.11  SEM and three dimensional AFM images of (a) nano-dot patterns and 
(b) nano-line patterns formed on photoresist with single pulse KrF excimer laser 
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compared to the diameter of the lenses. The depth of the patterns is 32 nm. By a single 
pulse exposure, as many as 6,250,000 tiny dot patterns can be generated uniformly 
over an area of 5 mm x 5 mm. Similar to what has been discussed in section 5.3.2, the 
pattern size increases with respect to the laser fluence because more photon energy is 































FIG. 5.12 AFM cross sectional of an array of nanopatterns exposed at a laser 
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5.4.2 Super-resolution nanopatterning 
For a laser system, the minimum waist of a focused laser light spot is around a 
half of the incident wavelength. In this case, it is 124 nm for a 248 nm excimer laser 
beam processing. However, by the proper control of the laser irradiation doses and 
energy, a much finer pattern can be generated. Figures 5.13 (a) and (b) show a SEM 
image and the AFM 2D profile of a 4 x 4 array patterns generated by the laser 
patterning with the MLA of NA equals to 0.47. It was found that the pattern feature 
size can go down to as small as 78 nm measured at its FWHM. This is equivalent to 
λ/3, which is a super-resolution over the optical diffraction limit by the nanosecond 
pulse laser irradiation.  
In order to verify the results, the light energy enhancement induced after the 
laser irradiation through MLA is modeled and simulated by the FDTD simulation 
software. As shown in Fig. 5.13 (a), the cross sectional electric energy, |E|2 distribution 
indicates that the focused laser beam has the highest |E|2 enhancement at the central 
region. The corresponding |E|2 field plot along the X-axis along MLA surface as shown 
in Fig. 5.14 shows that the calculated FWHM is 185 nm with the |E|2 enhancement of 
6.1, which well agrees with the experimental result as shown in Fig. 5.12. In the case 
of Fig. 5.13, the exposed area is limited at sub-100 nm regime as shown in Fig. 5.14 
(b). The deviation in patterns size at the adjacent area for Fig. 5.13 (b) is because of the 
different distance between MLA and sample resulted from the unparallel of the MLA 
above Si surface. Since the focal length of the MLA is only 1.1 µm, a small difference 

























FIG. 5.13 (a) Scanning electron microscope image of a pattern with a feature size 
of 78 nm measured at FWHM equivalent to λ/3 and (b) the corresponding AFM profile. 
 
Therefore, a high resolution nanostage with MLA alignment system combined 
with an air gap detection system to detect the focal plane of the MLA is critical to form 
a uniform large area nanostructures in a short time by this new nanolithography 
technique. The reason for this phenomenon is largely possible due to interaction of the 
photopolymer materials with focused laser beam during the exposure. The 
photochemical reaction of photopolymer materials is initiated if sufficient photon 
(a) 
(b) 
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energy is supplied. In this case, the λ/3 super-resolution nanopatterning is achieved 
only when the peak region at the center of the focused light beam is above the 




















FIG. 5.14  |E|2 distribution at (a) X-Y plane and (b) |E|2 plot along X-direction by 
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5.4.3 Multiple pulse exposure 
The size of the nano-features is highly dependent on laser fluence, which can 
be achieved by controlling laser exposure doses. A higher laser fluence causes more 
photoresist to be exposed due to more energy absorbed. In this case, protruded line 
arrays can be obtained if the resist material is ‘over-exposed’ by several laser pulses. 
This squeezes the line width to the sub-micron region as shown in Fig. 5.15. The 
sample was coated with UV 54 amplified photoresist, which has a better sensitivity as 
compared to ma-P 1205 resist. The sample was exposed at a laser fluence of 5.9 
mJ/cm2 for 5 pulses. As can be seen from Fig. 5.15 (a), an array of protruded nano-
lines was formed, with the distance of 2 μm between two adjacent lines. The 
corresponding cross sectional profile is shown in Fig. 5.15 (b). The average width is 
400 nm at a height of about 230 nm. The considerable vertical height of the patterns 
provides sufficient protection for the etching down process to transfer patterns onto the 























FIG. 5.15 (a) SEM image and (b) its corresponding cross sectional AFM profile of 
a sample with multiple pulse exposure by using a 2 μm pitch cylindrical MLA. 
 
However, due to the multiple doses of exposure, there is a large amount of 
reflected light which makes the edge jagged, as shown in Fig. 5.16 (a). To overcome 
this problem, a layer of anti-reflective coating was coated underneath the photoresist to 
reduce the effect of the reflected light on the patterns. As can be seen from Fig 5.16 (b), 





























The nano-line width can be further reduced by simply increase the pulse 
number. Figures 5.17 (a) and (b) show the profiles of two samples with line width 
measured at 40 nm and 53 nm, respectively. Both samples were exposed for 7 pulses at 
a laser fluence of 7.8 mJ/cm2. This gives a six-fold reduction as compared to the 
exposure wavelength used. However, further increases in exposure pulses generate 
discontinue lines and uneven line width. This could be due to the poor adhesion of the 
structure and also the tendency of over-development of the photoresist when the line 






























FIG. 5.17 The SEM images of the samples exposed at a laser fluence of 7.8 
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5.5 MLA surface nanopatterning – applications in precision 
engineering  
The irradiation of laser beam to the MLA generates thousands of focused tiny 
light beams at the focal plane which acts as a laser writer. This enables features with a 
size of about a few hundred nanometers to be patterned in single exposure. This 
patterning technique offers a high throughput and low cost nanopatterning alternative 
to existing techniques, such as E-beam, NSOL and ion beams. The MLA-based surface 
patterning has a great potential in various applications. One of them is to pattern phase 
change material for optical storage media [38,179]. With the utilization of MLA to 
perform surface patterning, the fabrication of such sub-micron features can be done 
flexibly.  
 































   
Chapter 5 Sub-micron surface nanopatterning by laser irradiation through microlens arrays 
 
 123
As the media density is a concern to data storage, the coupling of MLA to a 
precision stage to generate high density of patterns can be a solution. This could also 
be the case to fabricate photonic crystal as the periodic 2-D structure of photonic 
crystals [180] can be patterned at any period by altering the movement of each step. It 
also provides a solution to pattern samples in a large scale and at a fast speed since 
MLA consists of thousand of lenses. This is particularly important for the fabrication 










CONCLUSIONS AND FUTURE WORKS 
 
6.1 Conclusions and Research Contributions 
In this thesis, three major works have been presented. Firstly the fabrication 
techniques of both concave and convex microlens arrays are described. Then the 
simulation study and results of the light interaction with microlens arrays are discussed. 
Finally the application of microlens arrays in the large area surface nanopatterning is 
studied. The following summarizes and concludes the research contributions in this 
thesis:  
 
1. Novel techniques of microlens array fabrication are demonstrated. Firstly, the 
feasibility to fabricate microlens arrays (MLA) by the combination of direct laser 
patterning and chemical wet etching is demonstrated. Experimental results show that 
concave microlens arrays of diameters 20 µm, 50 µm and 100 µm with hexagonal 
arrangement were successfully fabricated. The isotropic nature of the wet chemical 
etching process by hydrofluoric acid (HF) causes the dissolution of the SiO2 in all 
directions thus generates spherical concave microlenses on the glass substrates. 
2. Both 2D Alpha Step profiler and 3D atomic force microscope (AFM) images 
show that these microlenses have concave spherical profile whereas the optical 
microscope and scanning electron microscope (SEM) images show that a smooth lens 
surface can be obtained. The chemical etching by diluted HF was found to be more 
efficient as compared to buffered HF due to the fact that the etch rate is determined by 
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the F- ion concentrations. It is also found that by varying the percentage of ion F-, 
different lens sags are obtained. It demonstrates that the lens curvature can be 
controlled.  
3. The direct laser patterning method provides the flexibility in designing and 
controlling of lens patterns by modifying the initial design and translating it into NC 
codes, which can be done in a few minutes. This method also eliminates the need of 
the complicated lithography process that is much dependent on the photomask 
production. However, this fabrication technique is only limited to the fabrication of 
concave microlens arrays because the shape of the microlenses, either concave or 
convex, is largely dependent on the nature of the etching process. Since the etching 
method used in this experiment was the wet chemical etching, it is impossible to 
fabricate a convex microlens array by this technique.  
4. Another novel fabrication technique that was explored in this research study 
was the fabrication of MLAs by using a combination of laser interference lithography 
(LIL), thermal reflow process and reactive ion etching. MLAs of convex lenses with 
diameter ~1 µm were successfully fabricated by a novel hybrid technique of 
combination of laser interference lithography by Lloyd’s mirror set-up, thermal reflow 
process and reactive ion etching. With the laser interference lithography, the 
production of identical photoresist structure arrays is made possible. These periodic 
lines and circular structures were formed on photoresist by the exposure of fringes 
generated by laser interference, which were effectively thermally reflowed into 
hemispherical and cylindrical MLAs due to the surface tension between photoresist 
and the substrate surface. Subsequently, the MLA profiles were successfully 
transferred to the quartz substrate by reactive ion etching without much change to the 
profile due to the etch rates slightly differ.  
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5. The AFM and SEM images of the etched quartz profile show that a smooth 
lens surface with average roughness Ra of ~ 3 nm was obtained. The deviation of the 
fabricated microlenses sag height and diameter is below 5 %, which suggests a 
uniform microlens array can be produced by this technique. The laser interference 
lithography technique can provide a feasible way to create rectangular packed MLAs 
on quartz without using a photomask. This hybrid technique is able to control the size 
of the microlenses by changing the interference angle of the 2 laser beams thus 
suggesting that the use of expensive photomasks is not needed.  
6. The optical behaviour and characteristics of microlens arrays is studied 
extensively by classical optical simulation technique and numerical solution method. 
Theoretical study and simulation are used to define the optical behavior of the light 
propagation through microlens arrays during the patterning process. Both simulation 
techniques offer a good prediction to the laser light interaction with microlens arrays 
and give insight details of the intensity distribution of the focused laser spots at the 
microlens array’s focal plane. The classical optical simulation is suitable for microlens 
arrays with size in the range of few tenths of micrometer while numerical method of 
FDTD is suitable for microlens arrays with size of below 5 microns. 
7. The intensity profile of various microlenses sag height at different image planes 
parallel to focal plane is studied. It is found that the increase of the sag height increases 
the intensity and decreases the FWHM. It is also found that various periodic patterns 
are observed at different image planes as it moves away from the focal plane of the 
microlens arrays. 
8 A surface nanopatterning method by the irradiation of laser beam through a 
microlens array is developed and studies intensively. The microlens arrays were used 
for surface nanopatterning on photoresist material by femtosecond and nanosecond 
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lasers. The effects of laser fluence, pulse number and fraction Talbot phenomena on 
the patterns generated were investigated. It was found that large area and high speed 
surface nanopatterning can be easily performed by just a single pulse or multiple 
pulses exposure. Thousands to millions of identical nanopatterns can be generated 
depending on the size of the microlens arrays. 
9 Sub-100 nm patterns can be fabricated by proper control of the laser exposure 
doses. This super-resolution surface nanopatterning of feature size of λ/3 is a 
breakthrough in overcoming optical diffraction limit. The nanopattern size can go 
down to 50 nm by over exposure and 70 nm by single exposure.     
 
6.2 Recommendations for Future Works 
 For the future works, a few recommendations are proposed as the following: 
1. Fabrication of micro-ball lens arrays to further reduce the features size that can 
be obtained. The near-field enhancement by the micro-spheres has been proven 
to be able to produce feature size down to sub-100 nm. However the issue is 
the repeatability. If one can fabricate a microlens arrays with the lens structure 
re-assembling a ball-shape, it will greatly improve the nanopatterning 
resolution. 
2. Fabrication of microlens arrays for bioengineering applications. One of the 
important areas is the synthetic of biological optics for better imaging 
capability.  The biological optics such as fish-eye and insect eye have similar 
structures as a microlens array and have some unique features such as wide 
field of view (FOV). Therefore, the success of fabrication of such biological 
optics can improve the imaging ability in micro- and nano- scales. 
Chapter 6 Conclusions and Future Works 
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3. Detailed theoretical study of the surface nanopatterning by laser irradiation 
through microlens arrays. The interaction of focus laser beam with the 
photoresist needs to be characterized since the early simulation study only 
concentrated on the optical behavior of microlens arrays. These can give a 
detailed insight into the surface nanopatterning mechanism. 
4. The dependence of microlense size on the wavelength of the laser limits the 
size of the microlenses. Since the current LIL setup was using a single 
wavelength laser, which was a 325 nm laser, the size of the microlenses 
fabricated was limited to < 2 µm. On the other hand, this study was 
concentrated more on the development of the fabrication process, so the study 
of the optimisation of process parameters were still lacking. Hence, in future, a 
comprehensive study on the laser fluence is required to remove the photoresist 
for a certain thickness as well as the effects on how different heating 
temperatures and different heating times affect the reflow process should be 
carried out so as to maximise the packing ratio of the MLAs. Furthermore, 
different angles for the Lloyd’s mirror set-up and different types of laser can be 
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VISUAL BASIC SCRIPT FOR FDTD SIMULATOR 
 
 The following script describe the VB script that is used to create layout and to 
perform FDTD simulation by the FDTD simulator. 
 
Dim Sphere1  
Set Sphere1 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere1  
Sphere1.SetPositionExpr "", "", ""   
Sphere1.SetPosition   -1,    1,  2.1  
  
'Set orientation for Sphere1  
Sphere1.SetOrientationExpr "", "", ""   
Sphere1.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere1  
Sphere1.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere1  
  
Sphere1.SetRadiusExpr "0.9083"   
  
Dim Sphere2  
Set Sphere2 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere2  
Sphere2.SetPositionExpr "", "", ""   
Sphere2.SetPosition    1,    1,  2.1  
  
'Set orientation for Sphere2  
Sphere2.SetOrientationExpr "", "", ""   
Sphere2.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere2  
Sphere2.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere2  
  
Sphere2.SetRadiusExpr "0.9083"   
  
Dim Sphere3  




'Set position for Sphere3  
Sphere3.SetPositionExpr "", "", ""   
Sphere3.SetPosition   -1,    3,  2.1  
  
'Set orientation for Sphere3  
Sphere3.SetOrientationExpr "", "", ""   
Sphere3.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere3  
Sphere3.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere3  
  
Sphere3.SetRadiusExpr "0.9083"   
  
Dim Sphere4  
Set Sphere4 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere4  
Sphere4.SetPositionExpr "", "", ""   
Sphere4.SetPosition    1,    7,  2.1  
  
'Set orientation for Sphere4  
Sphere4.SetOrientationExpr "", "", ""   
Sphere4.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere4  
Sphere4.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere4  
  
Sphere4.SetRadiusExpr "0.9083"   
  
Dim Block1  
Set Block1 = WGMgr.CreateObj ( "WG3DBlock",  WGMgr.FindID( "Block" ) )  
  
'Set position for Block1  
Block1.SetPositionExpr "", "", ""   
Block1.SetPosition    0,  2.5, 1.8583  
  
'Set orientation for Block1  
Block1.SetOrientationExpr "", "", ""   
Block1.SetOrientationOffset    0,    0,    0  
  
'Set material name for Block1  
Block1.SetMaterial "n=1.54"  
  
'Set clipping plane for Block1  
  
Block1.SetV1zExpr "2"  
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Block1.SetV2xExpr "8"  
Block1.SetV2zExpr "0"  
Block1.SetV3xExpr ""  
Block1.SetV3yExpr "11"  
Block1.SetV3zExpr ""  
  
Dim Sphere5  
Set Sphere5 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere5  
Sphere5.SetPositionExpr "", "", ""   
Sphere5.SetPosition    3,    1,  2.1  
  
'Set orientation for Sphere5  
Sphere5.SetOrientationExpr "", "", ""   
Sphere5.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere5  
Sphere5.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere5  
  
Sphere5.SetRadiusExpr "0.9083"   
  
Dim Sphere6  
Set Sphere6 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere6  
Sphere6.SetPositionExpr "", "", ""   
Sphere6.SetPosition    3,    7,  2.1  
  
'Set orientation for Sphere6  
Sphere6.SetOrientationExpr "", "", ""   
Sphere6.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere6  
Sphere6.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere6  
  
Sphere6.SetRadiusExpr "0.9083"   
  
Dim Sphere7  
Set Sphere7 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere7  
Sphere7.SetPositionExpr "", "", ""   
Sphere7.SetPosition    3,    5,  2.1  
  
'Set orientation for Sphere7  
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Sphere7.SetOrientationExpr "", "", ""   
Sphere7.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere7  
Sphere7.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere7  
  
Sphere7.SetRadiusExpr "0.9083"   
  
Dim Sphere8  
Set Sphere8 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere8  
Sphere8.SetPositionExpr "", "", ""   
Sphere8.SetPosition    3,    3,  2.1  
  
'Set orientation for Sphere8  
Sphere8.SetOrientationExpr "", "", ""   
Sphere8.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere8  
Sphere8.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere8  
  
Sphere8.SetRadiusExpr "0.9083"   
  
Dim Sphere9  
Set Sphere9 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere9  
Sphere9.SetPositionExpr "", "", ""   
Sphere9.SetPosition   -3,    7,  2.1  
  
'Set orientation for Sphere9  
Sphere9.SetOrientationExpr "", "", ""   
Sphere9.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere9  
Sphere9.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere9  
  
Sphere9.SetRadiusExpr "0.9083"   
  
Dim Sphere10  
Set Sphere10 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere10  
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Sphere10.SetPositionExpr "", "", ""   
Sphere10.SetPosition   -3,    5,  2.1  
  
'Set orientation for Sphere10  
Sphere10.SetOrientationExpr "", "", ""   
Sphere10.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere10  
Sphere10.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere10  
  
Sphere10.SetRadiusExpr "0.9083"   
  
Dim Sphere11  
Set Sphere11 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere11  
Sphere11.SetPositionExpr "", "", ""   
Sphere11.SetPosition   -3,    3,  2.1  
  
'Set orientation for Sphere11  
Sphere11.SetOrientationExpr "", "", ""   
Sphere11.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere11  
Sphere11.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere11  
  
Sphere11.SetRadiusExpr "0.9083"   
  
Dim Sphere12  
Set Sphere12 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere12  
Sphere12.SetPositionExpr "", "", ""   
Sphere12.SetPosition   -3,    1,  2.1  
  
'Set orientation for Sphere12  
Sphere12.SetOrientationExpr "", "", ""   
Sphere12.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere12  
Sphere12.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere12  
  




Dim Sphere13  
Set Sphere13 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere13  
Sphere13.SetPositionExpr "", "", ""   
Sphere13.SetPosition   -1,    7,  2.1  
  
'Set orientation for Sphere13  
Sphere13.SetOrientationExpr "", "", ""   
Sphere13.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere13  
Sphere13.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere13  
  
Sphere13.SetRadiusExpr "0.9083"   
  
Dim Sphere14  
Set Sphere14 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere14  
Sphere14.SetPositionExpr "", "", ""   
Sphere14.SetPosition   -1,    5,  2.1  
  
'Set orientation for Sphere14  
Sphere14.SetOrientationExpr "", "", ""   
Sphere14.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere14  
Sphere14.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere14  
  
Sphere14.SetRadiusExpr "0.9083"   
  
Dim Sphere15  
Set Sphere15 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere15  
Sphere15.SetPositionExpr "", "", ""   
Sphere15.SetPosition    1,    5,  2.1  
  
'Set orientation for Sphere15  
Sphere15.SetOrientationExpr "", "", ""   
Sphere15.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere15  




'Set clipping plane for Sphere15  
  
Sphere15.SetRadiusExpr "0.9083"   
  
Dim Sphere16  
Set Sphere16 = WGMgr.CreateObj ( "WG3DSphere",  WGMgr.FindID( "Sphere" ) )  
  
'Set position for Sphere16  
Sphere16.SetPositionExpr "", "", ""   
Sphere16.SetPosition    1,    3,  2.1  
  
'Set orientation for Sphere16  
Sphere16.SetOrientationExpr "", "", ""   
Sphere16.SetOrientationOffset    0,    0,    0  
  
'Set material name for Sphere16  
Sphere16.SetMaterial "n=1.54"  
  
'Set clipping plane for Sphere16  
  
Sphere16.SetRadiusExpr "0.9083"   
  
Dim InputPlane1  
Set InputPlane1 = InputPlaneMgr.CreateInputObj ("Pulse", "Rectangular", 
InputPlaneMgr.FindID( "InputPlane"), "Vertical" )  
'Common data for 2D and 3D.  
InputPlane1.SetPosition    0  
InputPlane1.SetDirection "Forward"  
InputPlane1.SetWaveLength "0.248"  
InputPlane1.SetTimeHalfWidth "23e-9"  
InputPlane1.SetTimeOffset "4.0e-14"  
InputPlane1.SetEnabled  True  
'Data for 2D.  
InputPlane1.SetAmplitudeOrPower "Amplitude", "1.0"  
InputPlane1.SetRefLocal  
InputPlane1.SetCenterPos "0.0"  
InputPlane1.SetHalfWidth "0.5"  
InputPlane1.SetTiltingAngle "0"  
'Data for 3D.  
InputPlane1.SetAmplitudeExpr3D "1.0"  
InputPlane1.SetRefLocal3D  
InputPlane1.SetCenterPosExpr3D "0.0", "4"  
InputPlane1.SetHalfWidthExpr3D "50", "50"  
InputPlane1.SetTiltingAngleExpr3D "0"  
InputPlane1.SetLYPolarization3D  
InputPlane1.RefreshInputField   
 
Const NumIterations = 1  
  




    ParamMgr.Simulate  
    WGMgr.Sleep( 50 )  
Next 
 
